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PREFACE

This volume of the Nuclear Geoplosics Sourcebook is a revised and greatly
expanded version of the previous edition published by DNA in 1964 (DASA 1285-IV).
The Nuclear Geoplosics Sourchbook is comprised of five volumes:

Volume I Theory of Directly Induced Ground Motion

Volume II-1 Mechanical Properties of Earth Materials - Soils
Volume 11-2 Mechanical Properties of Earth Materials - Rocks

Volume III Test Sites and Instrumentation

Volume IV Empirical Analysis of Ground Motion, Cratering
and Ejecta

Volume V Effects of Underground Structures and Equipment

Volume IV consists of two parts and five chapters:

Part I

Chapter IV-l Ground Motion from Aboveground Nuclear
Expl os ions

Chapter IV-2 Ground Motion from Underground Explosions

Part II

Chapter IV-3 Characteristics of Nuclear a;id High-Explosive
Craters

Chapter IV-4 Ejecta

Chapter IV-5 Review of the Soviet Work in Cratering and
Associated Ground Motion

The philosophy of the first edition of the Nuclear Geoplosics Sourcebook has
been kept. In the words of F. Sauer, author of the originrl editior, the follow-
ing quotation remains true in this edition:

"This book is not meant to be a hanJbook of design specifications.
It is meant to be an authoritative sourcebook. Between these two
is the difference, for example, between the laboratory course and
the lecture course. It contains more philosophy than figures,
more hypotheses than certainties. These hypotheses are giver, when-
ever possible with the empirical information and the theory 'Apon
which they are based so that the reader can make his own judgment
of their validity. We strive to avoid the temptation to speculate

IV.-i



intuitively without factual or theoretical foundation for the
arguments presented, and we attempt to present objectively all
approaches, favored and unfavored, with the reasons for prefer-
ence of one or another type of analysis or procedure clearly
stated. So that the sourcebook need not be classified, a few
relevant references are not discussed. In addition new mate-
rial appearing during the late stages of compilation of the
sourcebook is not referenced. It is hoped that these defi-
ciencies will be corrected in future editions."

The Editor wishes to acknowledge the unselfish help and encouragement
received from the following individuals:

George Ullrich HQ DNA (SPSS)
J.R. Stockton ANSER (formerly DNA COR for this project)
M. Baron Paul Weidlinger Associates
B.L. Ristvet Formerly with AFWL
M. Rosenblatt California Research and Technology
L. Vortman Sandia Laboratory
A. Chabai Sandia Laboratory
H.F. Cooper, Jr. SAFALR (formerly of RDA)
R. Port R&D Associates
R. Seebaugh Science Applications Inc.
R.H. Carlson Boeing
T. Stubbs Physics International
F. Sauer Physics International
D. Reitz GE-TENPO/DASIAC

The Editor is grateful and wishes to thank these individuals for care-
fully reviewing the manuscript, for their helpful comments and suggestions,
and for the benefit of their invaluable experience in this field, thereby
seeing this work brought to a successful conclusion. The Editor assumes the
responsibility for any omission, distortion, or other errors that may have
crept into this sourcebook despite all the help received.
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CHAPTER IV-l

GROUND MOTION FROM ABOVEGROUND
NUCLEAR EXPLOSIONS*

IV-l.0 INTRODUCTION

The ground shock produced by weapons detonated at or near the earth's surface

includes all the motions and stresses produced in the earth's surface and below

the surface. This Sourcebook deals exclusively with the free-field ground shock

ii which is defined as the ground shock at a point in the absence of structures near

that point. The ground shock induced at a point in the free-field by a nuclear

detonation depends on the weapon type and yield, the height or depth of burst, the

range and depth of the point of interest, and the geology between the detonation

point and the point of interest.

The ground shock strength depends on the amount of weapon energy that is

coupled directly into the ground at the detonation point and/or the forces induced

on the ground surface by the airblast. At one limit, a fully-contained detonation

will produce all ground shock by the energy directly coupled to the ground. At the

other extreme, all the ground shock will be produced by the airblast from a non-

cratering detonation. For a detonation near the ground surface, ground shock will

be produced by a combination of airblast and directly coupled energy. Ground shocks

are often defined in the following manner (Reference VI-l.l):

Airblast-Induced Ground Shock: The ground stresses and motions caused by
the propagating airblast. Airblast-induced ground shock generally produce the

high frequency components of the motions.

Direct-Induced Ground Shock: The ground stresses and motions caused by

the initial stress wave due to the energy coupled at the burst point in near-surface

and underground detonations.

Crater-Induced Ground Shock: The late-time ground stresses and motions

produced by crater formation in a cratering detonation.

*Authors: Fred M. Sauer (Physics International Company) and J. E. Schoutens

(General Electric Company-TEMPO).
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Close-in to ground zero and at early times, the phenomenology from a surface
burst is relatively simple (Reference IV-l.2). The airblast arrives first produc-

ing strong downward and outward motions. Then compressional motions associated
with the direct-induced ground shock and crater forming process arrive and dominate

the late-time phenomena, producing a large upward and outward low-frequency
component to the ground motion. The relative amplitude of the close-in motions
caused by the two loading mechanisms strongly depends on the height-of-burst and

to some degree on the near-surface soil anJ rock properties. As the range increases
beyond a few crater radii, the surface motions change *from a relatively simple

structure to a complex wavetrain of surface waves. The qualitative features of

these surface waves appear to be less and less sensitive to details of the explo-
sive energy coupling with the ground as the range increases. The airblast appears
to be simply superimposable on a low-frequency wavetrain that could have as easily

occurred for a buried cratering burst as for a surface or airburst. The early-
time airblast-related phenomena are well understood (Reference IV-l.2). Although

qualitative features of the low-frequency ground motions are thought to be known,
there remain major uncertainties of causal and propagation phenomena leading to

lower confidence in quantitative predictions of late--time motions from large-yield
nuclear surface bursts. Existing data show substantial variation in transient
ground motion amplitudes by factors of a few and permanent displacement that could

be either up or down, out or in, clockwise or counterclockwise depending on the
azimuthal location. Variations observed in many experiments are believed larger

than systematic or random measurement errors.

The methods of predicting ground shock are based on a combination of nuclear
and high explosive test data. The available near-surface detonation data consist

of a few nuclear tests conducted at the Nevada Test Site (NTS) and at tile Pacific
Proving Ground (PPG). The bulk of the unclassified data is presented in this

Sourcebook. 'The data that are available are limited in their direct application

for most problems because of the geologies of the NTS and PPG test areas. Gen-

erally, the nuclear test geologies are not representative of the sites of practical
interest. For example, tests at NTS were carried out in relatively homogeneous

sites of alluvium or playa silt. Therefore, reflection and refraction phenonena

produced by the presence of major layer interfaces, such as water tables or hard

rock, are not represented in NTS data. Moreover, no effects from severe yielding
phenomena associated with wet soils having low shear strength under dynamic load

are shown in the data.
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The large yield nuclear devices were detonated at Enewetak and Bikini Atolls

in the Pacific. The geologic constituents of these atolls include coral sand,

shells, coral fragments and layers of limestone. This geology is not representa-

tive of most sites of practical interest. The fact that the water table is very

close to the detonation point in most of the PPG tests introduces a significant

complication in the interpretation of these data. The small land areas of these
atolls limited the measurements of ground shock and raised numerous questions con-

cerning the channeling of ground shock in the ring configuration of the chain of

atoll islands. The Pacific data are generally in the low overpressure range and

4measuring stations were widely separated.

On the other hand, non-nuclear test data are available from high explosive

tests ranging in yield from grams to 500 tons of TNT. The High Explosive

Simulation Test (HEST) has provided ground shock data in various geologies under

conditions simulating traveling overpressure effects. The Direct-Induced High

Explosive Simulation Technique (DIHEST) has provided ground shock data in rock

under simulated direct-induced conditions. The use of spheres of high explosives

at various heights-of-burst has also provided various combinations of airblast,

direct-induced and cratering effects. Although the degree of nuclear simulation

achieved by these high explosive tests is somewhat controversial, the non-nuclear

data thus obtained provide information on the in-situ behavior of real geologies.

Moreover, these data provide the means to evaluate the capabilities of various

theoretical methods (Reference IV-l.1).

Theoretical capability in ground shock prediction and phenomenological under-

standing has made considerable advances through the application of large-scale,

two-dimensional axisyr.ietric continuum computer programs. These computer programs

(for example, References IV-l.3, IV-l.4, and IV-l.5) solve finite difference or

finite element approximations to the equations of motion for a continuum. Tney

are capable of treating layered media with constitutive relations that simulate

the behavior of real geologies.

These large computer programs still have major shortcomings (Reference IV-l.l).

For example, these computational tools have been unable to predict late-time

phenomena in all materials, in particular phenomena associated with cratering,

near-surface effects and effects at large distances from ground zero. Large

uncertainties still remain concerning the energy coupling for the surface detona-

tion. Despite these shortcomings, these computer programs provide qualitative
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insight into the areas of uncertainties and to some extent insight into the
quantitative relationships between the parameters involved in the predictions and
the experimental data.

Uncertainty also exists in defining the mode of intense ground shock attenua-
tion when traversing thousands of feet cf soil and rock (Reference IV-l.6).

Limitations in understanding of the high-pressure, close-in response of the
ground to early-time radiation and bomb debris lead to uncertainties in predicting

the subsequen~t motions for any detonation configuration. These uncertainties are

probably less than those produced by our limited ability to predict detailed
4 characteristics of weapons of the future, including their precise yields and

intended heights-of-burst. Earth penetrating weapons might significantly enhance

ground shock and even if earth penetration is judged to be impractical, a contact
burst represents a serious source of ground shock.* The "best estimate" stresses

and motions at a given depth below a contact burst are probably less than half
those at the same depth below a shallow-buried burst of the same yield, that is,
a contact burst requires perhaps four or five times the yield of a shallow pen-
etrating burst to produce the same environment (Reference IV-l.6).

A large-yield, near-surface nuclear explosion produces ground motions with
wavelengths that are several thousand feet long. Geologic features with dimen-

sions of tens, or hundreds, er even thousands of feet (such as joints, fissures,
lenses, faults, layering, etc.) influence the earth response in ways that are not

clearly understood. Even if the response of such geologic structures were known
exactly, the burst point of a weapon will not be known in advance.
Considering all possible transmission paths between possible burst points and a

given point in the ground, one is likely to find that such inhomogeneities lead

to variations in predictions of the ground shock. The limits of these variations

are comparable to the data scatter observed azimuthally in well-instrumented

large-yield experiments. Scatter in ground motion data from underground nuclear
tests and high-explosive simulation tests often approaches a factor of four or
five, and generally is greater than a factor of two (Reference IV-l.6). Even after
intensive investigation of a specific geologic site, some residual uncertainties of

*Soulrce detals that might strongly influence the coupling in a contact burst
configuration are masked by the tamping effect of even a shallow burial.
Thus, the uncertainties in quantitative Understanding of initial coupling
phenomena are probably larger for a contact burst than for a shallow-buried
burst.
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this order will persist and must be superimposed on1 the understanding of the atten-

uation characteristics of that medium. For example, the best-estimate peak stress

at a given depth below a given explosion might be an order of magnitude less in

soft rock than in hard rock, but an inherent uncertainty of a factor of four might

exist in both cases.

In considering the uncertainties in predicting ground shock it is helpful to

remind the reader of the distinction between early-time and late-time phenomena.

By early-time phenomena is meant the stresses and motions in the neighborhood of
the peak stress, principally during the loading phase (10 or so milliseconds fol-
lowing the first signal arrival) and within a few tens of milliseconds following

the peak stress arrival for megaton size bursts. By late-time phenomena is meant

the earth's response many tens, and even hundreds of milliseconds following the

peak stress arrival when the stress has decayed about an order of magnitude below

cal and experimental study and most qualitative features are thought to be reason-

* ably well understood. Late-time phenomena have not been studied thoroughly, and

are not well understood (Reference IV-l.6).

IV-l.l ORIGIN OF GROUND MOTION~

It is useful to begin the discussion of the ground motion data presented in

the next two chapters by calling the reader's attention to a few basic ideas that

will help in understanding the origin of ground motion. We begin by describing

the types uf waves that originate from detonations in a medium as a consequence

of basic equations describing the medium behavior. We then proceed to describe
the propagation of ground motion as it relates to aboveground and underground
nuclear detonations. Although the discussion that follows applies to purely

Felastic media, the behavior of real media such as soil and rock are far from

purely elastic. The materials in which nuclear and high explosive detonation
tests were carried out display a considerable amount of hysteresis. The develop-
ment of equations of motions and the discussion of their solutions for real soils

or rock is beyond the scope of this Sourcebook. However, by discussing the
equations of motion for purely elastic materials, much useful information can
nevertheless be gained that will help the reader in understanding the sections

that follow. A useful general discussion on the properties of geologic materials
may be found in Section 5.2 of Reference IV-l.l.
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An explosion above or below ground will generate extremely high pressures and

temperatures that originate from the sudden release of large aniounts of energy.
This energy release initiates a strong shock in the surrounding medium. For an

aboveground explosion an airshock is generated, part of which is transmittea to

the ground. For an underground explosion the diverging stress wave can be con-
sidered as consisting of four successive regimes which depend on wave pressure.

These regimes are hydrodynamic, plastic, crush-up, and elastic (Reference IV-l.7).

During the hydrodynamic regime, the stress wave pressure is high enough to classify
the wave as a strong shock wave, and its propagation can be described by the use of

the Hugoniot jump conditions. During the next three stress wave regimes the
strength and porosity of the surrounding medium become important. In particular,

their effect upon the variation in sound speed as the wave propagates from the
plastic through the crush-up to the elastic regime can have a large effect on the *1
propagation velocity of the wave.

If we now idealize the medium to a perfectly elastic one fir simplicity of

argument and consider a small amount of material that is subjected to forces

resulting in non-equilibrium internal forces, the behavior of that material is
described by an equation of notion of the type (Reference IV-l.8).

= + 1)Mq,!) + PV2u + fext (IV-l.l)

where X and v are the Lame constants (the constant p is identical with the shear
modulus - - the ratio between the shear stress and the shear strain), _u is the

displacement velocity of an element at coordinates x, y, z, p in the material

density, and Text are external body forces such as gravity. For detonations very
near the surface, Text may be neglected. However, for buried explosions f

ext
plays an important part in determining the crater or cavity formation, the venting

process, and the coupling of energy to the ground. This equation has the form of
a wave equation and for materials whose elastic properties are isotropic a general

solution can be found. This equation will be found to have two types of waves.
Following Reference IV-l.8, we can set &=u1 + U2 so that V. u = 0 and V x U2 = 0.

By substituting U, + U2 for 9 in Equation IV-l.1 and eliminating ul by taking
the divergence of that equation there results j

IV-l-6
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2

P-.V-U2) = (A + P)V2 (V.7i 2) + V .V'VU

and since V2 can be interchanged with V. we obtain

V. ) (X + 21J)V2U2~ 0

and since V x u2 = 0, the curl of the bracket is also zero so that there results

the first wave equation

p 2 (A + 2p)V2u 2  (IV-l.2)
a~t

By the same method it can be shown that the second wave equation is

p--= 1V u ( IV-I.3)

Equations IV-l.2 and IV-l.3 have waves propagating at speeds

C= p ( + 21)/p (IV-l.4)

c s- -TT (IV-l.5)

These are body waves: the first one being called p-waves or compressional waves

and the second called s-waves or shear waves.* These names are used synonymously,

*Sometimes the name dilatatior.al wave will be found, and shear waves are sometimes

referred to as rotational waves.

IV-1-7



The p-waves propagate ahead of the shear waves and arrive at a detector earlier

than the shear waves. The p-waves produce material stresses that are alon~g the

direction of propagation (radial) while the s-waves produce stresses that are

contained in a plane normal to the direction of propagation. Since X and P~ are

characteristics of the medium, the values of C and C apply to all four regimes
mentioned above provided the Lame constants are redefined accordingly. (Alter-

natively, one can define C and Cin terms of ground characteristics as for
p

example in References IV-l.7 and IV-l.9.) In fact, the most difficult part in the

theoretical description of ground media strained by detonations involve the defini-

tion of the Lame constants for the four basic regimes mentioned above. Table

IV-l.l (Reference IV-l.9) shows the relationship between the Lame constants and
other material properties.

Elastic solids can support more than one kind of body wave. The description

above applies to isotropic and non-porous solids which transmit compression (p)

and shear (s) waves. In stratified solids, these motions are coupled. Mathe-

matically, this coupling arises from the fact that the equations of motion are of

fourth order in the space derivatives and have variable coefficients. Physically
this means that as the disturbance propagates through the medium the p- and s-

wave fields continuously interact and exchange energy. If the interaction forces

are weak, the effect is negligible and the equations of motion degen~erate into two

uncoupled wave equations, one corresponding to p-waves propagating at speed C and

the other to s-waves propagating at velocity C~ < C .For porous, liquid-saturateds p
and stratified solids the problem becomes quite complex, the basic equetions being

of sixth order at least with variable coefficients. On the other hand if the

medium is macroscopically homogeneous, these equations degenerate into a second-

order, modified shear-wave equation and a fourth-order system representing compres-

sional waves of two kinds with different velocities. The interested rtader can

find a treatment of the theoretical aspects of this problem in Reference IV-l.lO.

Because the media in which detonations occur are not infinite but have

boundaries, these boundaries give rise to a second class of waves called surface

or boundary waves. The surface of discontinuity or boundary is an intrinsic part

of the propagation of such waves. A classic case is that of gravity waves on the

surface of an incompressible, homogeneous half-space (for example, water). This

case shows that the surface-wave, phenomena is unrelated to body-waves as described
above. In fact body-waves do not exist for this case (Reference IV-l.lO). Of

particular importance to ground motion are Rayleigh waves which exhibit largeI

IV-1-8--
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amplitudes and long wavelength (If solid half-space is homogeneous and
isotropic, Rayleigh waves are '; "' i They are generally observed in

connection with shallow-foc, '.. explosioos or earthquakes. These waves cor-

respond to two-dimensioral -Drea(ciifg of energy from the source and decay exponen-

tially with distance from thp sour,.:e. They arrive after the p- and s-wave arrivals.

Rayleigh waves have a hori•.on.-al and vertical component contained in a plane per-

pendicular to the surface along which the waves are traveling and parallel to the
direction of propagation. The varti :le motion follows an ellipse in the plane
described and the shape of this ellipse depends upon the value of Poisson's ratio

for the medium. Sometimes the ierticel component is completely absent (Reference

IV-!.l!.). For Rayleigh waves, the direction of vibration of the horizontal

components should be parallel to the r",.,ection of propagation. Horizontal compo-
nents parallel to the wave front hw",t t.n observed. These are called Love

waves and it can be shown (Ref,!rr -,.ll, IV-l.12, and IV-l.13) that these

waves can be propagated thronGo layer of the earth without penetrating

into the interior. We will ni, s these waves here as the interested reader

can consult the references jL i.t-.oned. Love waves are part of a more general

class of interface waves cahl& Stoneley waves (References IV-l.lO and IV-l.ll).

Stoneley waves propagate maiily between solid-L..ý'd and solid-liquid interfaces.
They have been observeJ at solid-solid and solid-liquid boundaries but not at

solid-gas interfaces.

The propagation of surface waves can be obtaine&: from the equation of motion,

Equation IV-l.l. The procedure renuirc. "he definition of two potential functions
to represent the d'latation and the rotation portion of an element of the stressed

medium. These functions are substituted in the equation of motion neglecting the

external forces. (Eliminating the external forces such as gravity simplifies the

solution but yields surface waves that are non-dispersive which implies an iso-

tropic and non-porous solid. Addition of the gravity effect can be made later on

to show that such waves then become dispersive. See for example the discussion in

Chapter 5 of Reference IV-!.!O). There results two uncoupled partial differential

equations describing the propagation oF the dilatational and the rotational disturb-

ances in the medium. Exponential solutions with variable coefficients are assumed

and substituted in these equations. The variable coefficients are amplitude terms

depending only on depth from the free surface into the solid. The boundary con-

ditions of zero stress (this is not the case when airblast effects are present, see

Section IV-l.5) at the solid surface are then applied to these solutions thereby

IV-l-lO
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yielding the following equations

A (X + 2.) q-2 Xk 2  2BiiSk = 0 (IV-1.6)

2iqkA + (S2 + k2)B = 0 (IV-l.7)

where A and B are constants to be determined, k is the wave number of the propagat-

ing disturbance and

q2 = 2 k2

p
S 2  2 2

= s

where k and k are the compressional (p) wave and the shear (s) wave numbers,

p s
respectively. Equations IV-l.6 and IV-l.7 represent a homogeneous system of linear
equations in two unknowns A and B. For their solution to be non-trivial, the

determinant of the coefficient must vanish. The relationship between p-, s-, and
R-wave velocity is oftained by combining Equations IV-l.6 and IV-l.7 to yield

(Reference IV-l.ll)

K6 - 8KI + (24 - 16a2 )K2 - 16(l - Ot) 0

where

Cs

SIcp

and

CR

K=l-
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where CR is the Rayleigh wave speed. Table IV-l.2 shows the relationship between

C and Cs for some limiting cases of the value of Poisson's ratio.

Table IV-1.2. Relationship between CR and Cs for some

limiting cases (Reference IV-l.l0).

Poisson's Ratio Rayleigh Wave Speed

S= ½ (incompressible solid) C. = 0.955 Cs
R

v = ¼ (typical value) CR = 0.9194 C5

v= 0 (perfectly compressible solid) CR = 0.85 C

These values show that for most solids for which 0.25 < v < 0.5, that is, over the

range from completely incompressible to normal values in rock, the Rayleigh wave

velocity is not particularly sensitive to the compressibility of the solid: CR
varies less than 4 percent over the range of v indicated above.

Since the potential solutions used in solving the equation of motion lead t3

Equations IV-l.6 and IV-l.7, the particle motion is confined to the vertical xz

plane as for the p- and s- waves. The exact shape of the orbit depends upon the

value of Poisson's ratio. For example, if v = ¼, that is, CR = 0.9194 Cs, the

ratio of the vertical-to-horizontal displacement of the particle is 1.5 and the

motion is counterclockwise if the wave propagates from left to right. At a depth

of Z -- -1.2/k, the horizontal displacement vanishes, where k is the wave number as

defined above. The details .of the derivations of the equations discussed here are

given in Chapter 5 of Reference IV-l.10 and Chapter 2 of Reference IV-l.11.

In summary we can say that explosions above or below ground will generate

disturbances of at least three types identified as conmpressional (p) and shear (s)

waves and surface or Rayleigh waves. The p- and s- waves are body waves, and the

surface waves occur because of the boundary of the solid. The speed of propaga-

tion of these waves are related as follows:

CR < C < C

IV-l- p
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which means that at any detector station at or just beneath the surface, the p-

wave arrives first followed by the s-wave and finally the arrival of the Rayleigh

wave. The first two decay faster with range and the Rayleigh wave decays rapidly

with depth.

Now that the reader has some conception of the types of waves that can be

propag&ted in a solid medium we will consider the actual amplitudes of these waves

and their form since they are what is generally measured in field experiments.
The magnitude and waveform of ground motion induced by nuclear detonations depend

upon the yield of the detonation, the height above or below ground at which the

detonation occurs, the physical properties of the ground medium and the ground

range to the detector station. For surface detonations (detonations very near or

at the ground surface) and for underground detonations, a substantial portion of

the energy is directly effective in producing pressures of multimegabar magnitude
in the ground immediately adjacent to the weapon case. The fraction of energy

coupled in this manner depends upon the construction of the weapon, for example,

the radiation opacity of the weapon case. When the detonation is below the ground

surface, the energy coupling depends on the degree to which the ground above the

weapon provides additional tamping (Reference IV-l.14). As defined in the Intro-

duction, Section IV-l.O, energy coupled by an underground explosion process into

the ground results in directly-induced ground motion.

For weapons detonated above, at the surface or just below the surface, energy

also appears in the form of an airblast, which induces ground motion by imposing

normal pressures and horizontal shear forces on the ground surface. This is the

airblast-induced ground motion. Due to the much lower acoustic impedance of air
compared to the acoustic impedance of the ground medium, stresses in the ground

produced by airblast can be substantially smaller than those generated by a detona-

tion in the ground. However, stress levels at aboveground structures are general-

ly such that airblast induced stresses are equal to or larger than direct induced

stresses. The ratio of the average transmitted and reflected powder are given by
(Reference IV-l.12)

Pt 4- CP /11S= 42CP/l~l(IV-l.8)

Pi (l + p2CP/p C1) 2
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i + OCp (IV-l .9)

where p, and p2 are the air and ground densities respectively, and C• and Cp are

the air sound speed and the p-wave propagation speed in the ground, respectively.

Note that for an air/ground interface p2 Cp>>p1 C1 , which results in Fr 0,

Consequently for some practical purposes, stresses due to airblast-induced ground

motion may be neglected when compared to direct induced ground motion phenomena
"j (Reference IV-l.15). On the other hand, the directly induced stresses attenuate

with distance much more rapidly, approximately as the inverse cube of distance so

that at some distance from ground zero, these stresses become weaker than the air-
blast-induced stresses. Thus at any given position, except for a small inter-

mediate region, the major component of the ground stresses and hence ground motion

will either be directly induced or airblast-induced but generally not both. In the

seismic region, the ground motion attenuates approximately as the inverse of the

range from the source (see for example Reference IV-l.16). Estimation of direct-

induced ground motion relies primarily on empirical data and the estimation of air-

blast-induced ground motion, on the other hand, relies primarily, but not entirely,

in Lheory. It should be noted that low frequency components are presently poorly
- v'sto-" for airblast-induced and direct-induced ground motion. We will now
discuss tne behavior of these waves in different regions from ground zero.

The propagating airblast is a major source of ground shock. The characteris-

tics of the airblast-induced ground shock is governed by the properties of the

airblast wave and the properties of the geology. The airblast arrives at a point

on the ground surface as a sharply defined shock having a velocity that depends

on the peak overpressure. Following the passage of the shock front, the over-

presr:• ,trer ind soon becomes negative. The overpressure before it becomes

negative is called the positive phase of the shock while the other is called the

negative phase. As the range from the source increases, the peak overpressure

and the shock vel'-ity decrease while the total pulse duration increases. At a point

on the ground lo-.., immediately beneath the airblast, that point will experience two

distinct wave arrivals: the compressive and the shear waves mentioned above. At

locations near the surface, a von Schmidt or sp-wave* in addition to-a Rayleigh

*von Schmidt waves are also called head waves.

IV-l-14
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wave are also experienced (Reference IV-l."7). In a homogeneous half-space, the
character of the early-time shock is determined by the relative magnitudes of the
airblast shock velocity and the wave speed in the half-space medium. Three regions

are to be distinguished: the superseismic, the transseismic, and the subseismic.
These regions are shown in Figure IV-l.I. The superseismic region is defined as
the region where the airblast velocity exceeds the compression and the shear wave

velocities in the half-space, thus

U > C * C
p s

where U is the airblast shock velocity as shown in Figure IV-1.la. Cp and Cs are

as defined above. Since U is larger than either C or Cs in the medium, no
pdisturbance can be propagated ahead of the airblast. The ground shock can there-

fore only trail the airblast below the surface.

When the airblast shock velocity becomes less than the compression wave
velocity, the shear wave velocity or both, disturbances can propagate through the
ground ahead of the a~rblast. Now two cases become possible. The transseismic case
shown in Figure IV-1,Ib occurs when the airblast shock velocity is smaller than
the compression wave velocity but greater than the shear wave velocity or

C > U > C
p S

In this case the compression wave propagates ahead of the airblast while the shear
wave propagation is controlled by the airblast shock velocity. In the subseismic
case shown in Figure IV-l.lc, the airblast shock velocity is now smaller than
either the compression or shear wave velocities or

U< C < C
5 P

and both propagate ahead of the airblast. In the transseismic and subseismic

regions, the ground disturbances arrive at a point before the arrival of the air-

blast. These regions are therefore often referred to as the outrunning regions
because the ground shock outruns the airblast. Ground motions in the outrunning
regions are very complex. Typical outrunning ground motion accelerograms are
shown in Figure IV-l.2. Note that for (a) the ground motion has just started to
outrun the airblast as indicated by the initially slow rise of the accelerati(,i
pulse. The time phasing from all overpressure levels can produce reinforcements
and oscillations at early and late times. The presence of geologic layering
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IV-1-17



introduces additional complications at early and late times. Thus a complex pat-

tern of wavefronts develops because of wave reflections and refractions at layer

interfaces. The energy refracted in underlying layers reenter the top layer causing

outrunning to occur in the top layer prior to the point where the airblast shock
becomes either transseismic or subseismic with respect to the surface layer.

Multiple reflections within the top layer can have significant influence on the

late time motion.
Figure IV-l.3 shows an example of the wavefront diagram for a two-layer medium

in which the compression wave velocity of the substratum equals three times the
compression wave velocity of the overburden. The overburden has a thickness h1 .

As previously noted, ray paths in the superseismic region are straight lines.

Elements of the wavefront move in the direction of the ray path at the compression

wave velocity. Horizontal motion takes place with a velocity equal to the airblast
velocity at the point of origin of the ray path. When the wavefront intercepts an

interface as shown in Figure IV-l.3a, a fraction of the energy is reflected and a

fraction is refracted into the substratum according to Equations IV-l.8 and IV-l.9
with refraction angles according to Snell's law. The refracted energy does not

return to the surface unless another deeper stratum with another acoustic imped-

ance is present. For example, if this third layer has p3Ct>>p2C then P<<Pi and
the wave is entirely reflected. (See for example Reference IV-l.18 for details on

the treatment of multilayered media.)
A ray will become totally refracted, that is, refracted in a direction paral-

lel to the interface, when the airblast velocity, U, first becomes equal to the

compression wave velocity of the substratum, C
pEe

Energy then travels along the 'Interface at a velocity equal *D Gpo , or less,
resulting in the sequence of wavefront diagrams shown in Figure IV-l.3a. (The
wave traveling along EF is an example of a Stoneley wave. This wave is dispersive

in a direction normal to the boundary - Reference IV-l.lO. Thus, the ray path FG

is not the propagation path of the Stoneley wave.) The emergence at the surface
of the wave in the upper medium induceo by the energy traveling along the inter-

face (point G of Figure IV-l.3a) is the first appearance of the outrunning wave-

form. Since the initial particle velocity is always in a direction normal to the
wavefront, the initial motion is seen to be upward and outward. It is readily

determined that the angle of emergence of the critical ray path (FG of Figure

IV-l.3a) equals the angle of entrance, of path DE, and hence the theoretical

IV-l-18
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problem is solved once the time of arrival curve of the airblast is prescribed.

As shown in Figure IV-l.3b, a shear wave is also generated at the front of the

Stoneley wave at the interface between the overburden and the substratum. The

shear wave has approximately twice tne velocity amplitude of the outrunning wave.

Comprehensive ground shock analysis in real geologic media has not progressed

to the point where simplified techniques are available for use in design and

analysis (Reference IV-l.l). Most of the existing prediction techniques are in

the development stage and large uncertainties are associated with material prop-

erties and the required complexity of the problem. A number of prediction methods

are described in Reference IV-l.l. They are based on concepts and data derived

from theoretical studies and field test observations.

A sample calculation taken from Reference IV-1.1 is given to illustrate a

method of estimating ground shock through a two layer system.

While it is convenient to categorize ground shock according to the source for

purposes of discussion and computation, practical problems require an estimate of

the complete ground shock environment at a point of interest. The complete environ-

ment will result from disturbatices arriving from all sources, except in the case of

a true air detonation or a fully contained detrnation. Although not theoretically

correct, a reasonable approximation to the complete ground shock environment may

be obtained by superimposing credible airblast-induced, crater-induced and outrun-

ning waveforms according to their relative time-phasing. The airblast arrival time

at a given range can be estimated from Reference IV-l.19. The arrival times of

disturbances propagated through the ground may be estimated by standard geophysical

methods (see for example Reference IV-l.20). Figure IV-l.4 illustrates the paths

by which disturbances may travel in a two-layer system. The discussion is

restricted to compression waves since they travel with the greatest velocity and

will be the first to arrive along any given path. The incident compression wave-

front created by an excitation at point S will be hemispherical. The wave paths

are represented by rays which are perpendicular to the wavefront and parallel to

the direction of wave propagation. One path from the point of excitation to a

point a distance x away is a direct path through the top layer. The arrival
time for the direct path is simply

ta C (IV-l.lO)IPi
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where ta is the arrival time, x is the distance from the excitation source point of

interest, and C is the compression wave velocity in the first layer.
Pi

The existence of a layer interface creates two additional paths. The inter-

action of the incident wave with the layer interface causes reflected waves which

travel back toward the surface and refracted waves which continue into the lower

medium. The arrival time of the reflected wave at a surface point is

X = 2 + 4H2
t a (IV-l.ll)

where H is the layer depth. In general, the refracted wave does not return to the

surface unless a deeper interface is encountered. However, there is a critical

angle of incidence, Ec, for which the refracted wave travels parallel to the inter-
face in the lower medium. The critically refracted wave causes a disturbance

along the interface which, in turn, generates a wave which travels upward into the

layer. This new wave is called a Stoneley or head wave and its arrival time at the

surface is given by

2H cos 0c
t - x+ (IV-l.12)
ta C C

P2 P

i C~p -2•

where C is the compression wave velocity in the top layer, C is compression
Pi P2

wave velocity in underlying half space, and Ec is the critical dngle equal to

arcsin (Cp /C p).

The arrival times of the direct, reflected and Stoneley or head waves are

shown as a function of distance in Figure IV-l.4b. For distances less than xc,

called the crossover distance, the first arrival will be aue to the direct wave.

At distances greater than x c the Stoneley wave will arrive first. The reflected
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wave will lag the direct and Stoneley waves at all distances and, therefore, is not

of importance in considering first arrivals.

In multilayered systems, the time of arrival of the Stoneley wave from the

nth interface (see Figure IV-l.5) is given by

nI

• tan.) 2i 11x (IV-l.13)t 2H +
Sn)pn+l Cpn+lSij~l

where t is the arrival time of head wave from nth interface, H. is the thick-
a ntracHi tth etik

ness of the 1th layer, C is the compression wave velocity in ith layer, and
thC is the compression wave velocity in (n+l) layer. The use of Equationpn lIV-1.13 for two-layer and three-layer systems is illustrated in Figure IV-l.6.

The summation in the parentheses of Equation IV-l.13 is the time axis intercept

of the arrival time-distance line for the nth interface Stoneley wave. The sum-

mation term is designated by Tn (i.e., Ti, T2 , etc.) in Figure IV-l.6.

For the two-layer system of Figure IV-l.6a, it can be seen that the direct

wave governs the first arrival at distances less than xc(1). Between xc(1) and

x c the Stoneley wave from the first interface is the first to arrive. Beyond

x (2), the Stoneley wave from the second interface governs.

The general hiethod for determining arrival time-distance curves for ground

disturbances may be used with the arrival time-distance curve for the airblast to

estimate the time phasing of effects at a point of interest and the ground range

at which outrunning first occurs (Reference IV-l.21). In addition, the arrival-

time-distance curves may be used to estimate the effective seismic velocity, Ce,
used to estimate crater-induced particle velocities and rise times to peak crater-

induced horizontal displacement. The effective seismic velocity is simply the

inverse slope of the secant line drawn from the origin to the range of interest.

The time of arrival of the airblast wave can be read directly from the

airblast time of arrival curve. Also, the arrival time of effects from the source

region can be read directly from the ground disturbance curve intersecting the

burst point. The ground range at which earliest ground signals and the airblast

wave arrive at exactly the same time is the ground range at which outrunning first
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occurs. The earliest outrunning arrivals can be found by trial and error shifting

of the ground disturbance arrival time curve to various origin!, on the airblast

arrival curve, i.e., times and ranges at which energy is imparted to the ground by

the expanding airblast. The time at which earliest ground signals arrive at the

point of interest prior to the airblast is the time of outrunning arrival.

Given the ground range at which outrunning first occurs, outrunning motions

can be predicted. With the arrival times of the various signals, predicted ground

shock from all sources can be superimposed to obtain an estimate of the complete

.nd chock environment.

The discussions and presentations that follow are about experimental data and

constitute the primary objectives of this Sourcebook.

IV-l.2 CORRELATION OF MAXIMUM ACCELERATION DATA

This section presents and discusses the maximum horizontal and vertical

acceleration data for a number of nuclear tests carried out at the Nevada Test Site

(NTS) and the Pacific Proving Ground (PPG). Before discussing the data it is well

to preface it with some general remarks.

The maximum vertical downward acceleration is related to the shape of the

rise to the maximum velocity. This rise cannot be estimated accurately by analyt-

ical methods. Therefore, semi-empirical procedures are used for the prediction of

the maximum vertical acceleration. If the rise in vertical velocity is linear, the

maximum acceleration is simply

V --

a max (IV-l.14)
max t r

where Vmax is the maximum particle velocity and tr is t',e linear rise time to Vmax*

At the ground surface tr is equal to the rise time of the airblast. Experimental

observation shows little dependence of the airblast rise time on the device yield

or on the peak side-on overpressure. It is more nearly a function of the ground
surface condition (Reference IV-l.24). The value of the rise time that results in

accelerations comparable to measured values is on the order of 0.001 sec.

Maximum acceleration attenuates rapidly with depth. This sharp attenuation

is due more to the increase in the rise time with increasing depth than to
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attenuation of the maximum vertical velocity. As the depth increases, the wave

front is seen to stretch because of the nonlinearity of the stress-strain curve

for soil. The residual strain that remains at a point in the soil after the load

has been removed is

Er (I r) -max (IV-l .15)

where r is the strain recovery ratio, 0max is the maximum vertical stress at the
point of interest, and M is the uniaxial loading modulus at the saine point. The

strain recovery ratio is defined as

C - Cr
rI

r - (IV-I.16)

where E is the strain corresponding to maximum stress. Because the stress rise
time at depth is more nonlinear than at the surface, Newmark and Haltiwanger

(Reference IV-l.22) recommend that the peak acceleration at depth be taken as twice

the value appropriate to a linear rise time, or

V
amax(Z) = 2 max (IV-l.17)

r

assuming that an airblast rise time of 0.001 sec is used, thei, value of t (Z) should

be

t (Z) = 0.001 + (IV-i.18)rL i

where CL is the loading wave propagation velocity and C. is the in-situ seismic

velocity. Where CL and Ci are not well defined, the rise time in soil and rock may

be taken as (Reference IV-l.23):
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tr(r) - T (IV-l .19)
CL

IV-l.2.1 Vertical Acceleration Near the Ground Surface

Maximum vertical acceleration was recognized early to be an almost linear

function of airblast overpressure directly over the point of interest (References

IV-l.21 and IV-l.24). In the superseismic airblast region, the relationship

between acceleration and overpressure was shown to be essentially independent

of the weapon yield (FV-1-.7 and IV-l.8). In Figure IV-l.7 note that the

accelerations for TUMBLtr' F)ot 4 are less than those for shots 1, 2, and 3 at the

same overpressure. :his is due to the decrease in overpressure rise time on shot

4 due to the development of the precursor waveform.* Data points in Figure IV-l.8

are shown with their error bars. The line represents a least square fit to these

data points.

Since the maximum vertical acceleration appears proportional to the first
power of the airblast overpressure, a rational method of displaying this informa-

tion is to plot the ratio of the peak acceleration to the overpressure as a func-

tion of overpressure (Figures IV-l.9 and IV-l.l0). In these figures the influence

of the non-ideal overpressure waveforms can be seen by the distribution of the
data points.

Overpressure waveforms 1 and 4 shown in Appendix IV-I.B are precursor wave-
forms exhibiting an increase in rise time as overpressure decreases, consequently,

the ratio of acceleration to overpressure decreases as the precursor develops.

This is shown on TUMBLER shot 4 and PRISCILLA. The type 7 overpressure waveform
represents a flat-topped ideal waveform having the rise time of the near-ideal
overpressure waveform and occurs at the end of precursor. Taking into considera-

tion only those values corresponding to ideal or near-ideal waveforms, the ratio

of maximum downward acceleration (at a depth of five feet where the instrumenta-

tion was located) to the airblast overpressure directly above that point is given

in Reference IV-l.26 as 0.45 ± 0.15 (g/psi) for experiments at Frenchman Flat at

iiie Nevada Test Site (NTS). For Yucca Flat, the ratio is given as 0.30 ± 0.10

(g/psi). The effect of weapon yield between 1 kt and 40 kt is not discernible

*For a detailed discussion of precursor phenomena and waveforms, see Reference

IV-l.25. Appendix IV-l.B shows various types of waveforms encountered in
ground motion measurements.
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within the scatter of these data.

Newmark and Hall (Reference IV-l.23) suggest a ratio of maximum vertical

accEleration at the gru.ind surfd~ce, tlh$AtV is, at 1-foot depth, based on the analysis
of NTS acceleration data. Using this numerical value and the ratios of accelera-

tion to overpressure at 5-foot depth requires that the ratio of acceleration at

1-foot depth to that of 5-foot depth be equal to 1.7 and 2.5, for Frenchman Flat

and Yucca Flat, respectively. This is consistent with Figure IV-l.16 so that the

equations recommended in References IV-l.23 and IV-l.26 are compatible. In addi-

tion, Newmark and Hall (Reference IV-l.23) suggest that the acceleration be taken

inversely proportional to the seismic compressional wave velocity, using as a

reference a seismic velocity of 1,000 feet/sec. This is estimated to be the

seismic ,,elocity near the surface in the alluvium of NTS (Reference IV-l.23).

They assumed a rise time of about 0.001 sec to attain the peak maximum

velocity so that the acceleration at or near the surface could be expressed

approximately as

max :150 100 (IV-l.20)

where P5 is the shock, peak overpressure in psi, and Cp is the compressional wave

velocity in ft/sec. The numerical factor has dimensions such that "a" is in g's.

Since this relationship is for the surface, the surface seismic velocity must be

used. They further state that because the surface acceleration is not related

solely to the maximum velocity, but is also dependent on weapon yield and other

factors, they recommend that C < 2000 ft/sec, regardless of the surface acoustic

velocity. The above equation is plotted on the NTS data and their graph is

reproduced here as Figure IV-l.ll. Unfortunately, they do not reference the data

points in that figure to the events. Equation IV-l.14 was later modified by

Newmark and Haltiwanger (Reference IV-l.22) to include the multiplier (115/p). 7

where p is the soil density in lb/ft3 referenced to 115 lbs/ft 3 . Thus, equation

IV-I.14 becomes

amax 150 1 1000 (L15 (IV-1.21)
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The inverse relationship between acceleration and wave velocity i; deduced from

the fact that for an elastic solid the particle velocity is inversely proportional

to the compressional wave velocity and that for an ideal airblast wave th. rise

time of overpressure is essentially a constant independent of yield or overpressure.

Since acceleration is the time derivative of velocity, this results in the accel-

eration being directly proportional to the overpressure (as observed) and in-

versely proportional to the compressional wave velocity.
Whey, the ground motion becomes of the outrunning type the maximum vertical

acceleration is no longer a function of the overpressure immediately above the

point of interest but becomes instead a function of the scaled ground range.
Figure IV-l.12 shows how this transition takes place for the data at the Nevada
Test Site. The data toward the left of the figure do not correlate on the

basis of scaled ground range. However, as outrunning occurs (indicated by

arrows), the accelerations approach a correlation based on scaled grou'nd range.
There appear to be no indications that cube root scaling fails. A demonstra-

tion of this correlation may he found by using the acceleration data taken at

the Pacific Proving Ground (PPG)* (Figures IV-l.13 and IV-l.14). The accelera-

tions shown in Figure IV-l.14 have been scaled by the cube root of the yield

as part of the analysis based on the characteristic results of high explosive

and underground nuclear detonations. Note that the scatter in these data is

larger for this type of presentation than if the accelerations are left

unscaled as shown in Figure IV-l.13. It should be noted that the accuracy of

instrumentation used in the 1950's is not available and that comparison of the

data may be due entirely to coincidence. The smaller scatter of data in Figure

IV-l.13 suggests the use of unscaled acceleration as a function of scaled

ground range as a better approach. This is significant in that the accelera-

tions at the same scaled ground range do not decrease as weapon yield

increases.

*To assist in the evaluation of figures and discussions involving detonations
whose yields are classified the following table has been prepared. Source-
book shot designations (assigned sequentially in time) and shots have been
listed with the largest yield first.

Sourcebook Shot Designation Operation Name

PPG 4 HARDTACK-I
PPG 1 GREENHOUSE
PPG 3 HARDTACK-I
PPG 2 REDWING

See Part III, Appendix IlIA for list of unclassified yields.
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Although the scatter of data in Figure IV-I.13 is substantial, note that,

with the exception of LACROSSE, data from individual experiments are neither

sysfa.matically high nor low with respect to the average curve. Moreover, ac-

celeration measurements at the same ground range, but 180 degrees apart, have

been known to differ by as much as 300%. Some variation is also to be expected

because of the variation in depth of measurement (from the surface to a depth

of 17 feet). With a factor of six in the scatter of data, the test site does

not appear to be a dominant factor. For example, the data of JANGLE S (approxi-

mately 1 kt, Yucca Flat) are in agreement with the PPG data to approximately the

same extent that the PPG data agree within themselves. The best evidence in

favor of the correlation proposed in Figure IV-l.13 is the correlation of the

IVY-MIKE data with the JANGLE S data which represents a ratio of 22:1 in the

cube root of the yield.

As a matter of practical application the mean curve through the data of
Figure IV-l.13 nay be represented by two power law relati3nships:

-35

av 110 RO)° 150 < (R/W1 / 3 ) < 800 (IV-I.22)W1/3

with an error range of + 200%, 70%, and
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av 5 x IOs R W./. ) 800 < (R/W1/3) < 3000 (IV-1.23)

with an error range of + 200%, - 70%,

where av is the maximum vertical acceleration in g's, regardless of sign, R is the

ground range in feet, and W is the detonation yield in kilotons.

The only indication of a dependence of acceleration on soil properties is
found from a comparison between the asymptotic value of the acceleration versus

scaled ground range fur outrunning ground motion at NTS with the outrunning ground

motion data at PPG. In Figure IV-l .12 for NTS the vertical acceleration appears to
attenuate in the outrunning region as the inverse square of the scaled ground range

which is consistent with the trend noted in Figure IV-l.13 for PPG at the larger

ground ranges. However, the NTS vertical accelerations are approximately thirty

times the values shown in Figure IV-l.13 at the same scaled ground range. A

factor of two at most may be accounted for by reducing the 5-foot depth accelera-

tions of Figure IV-l.12 to those at 10-foot depth which are more compatible with

Figure IV-l.13. However, the difference is still striking. In addition to the

above observation, two measurements of vertical acceleration made below the water

table on PPG 2 in the superseismic airblast region indicate a remarkably low

acceleration-overpressure ratio (Reference IV-l.27). It would appear then, that

vertical acceleration decreases with an increase in compressional wave velocity.*

*It can be shown from an analysis of ground motion given in References IV-l.l and
IV-l.26 that the vertical acceleration is

av - p (IV-1 .24)

However, the exact nature of this relationship is at present not understood even

though it has been suggested by Sauer (Reference IV-l.26) and Newmark and Hall

(Reference IV-l.23) that the acceleration varies inversely as the first power of

the compressional wave velocity.
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IV-1.2.2 Horizontal Acceleration Near the Ground Surface

In data taken at Nevada Test Site, the scatter of maximum horizontal accelera-
tion shown in Figure IV-1.15 is as large if not larger than the scatter of vertical

acceleration. It is apparent that at depths less than 10 feet, the data may be
divided into two groups. When the airblast is superseismic the horizontal accel-

erations near the surface vary from 0.2 to 0.5 times the vertical acceleration.
For outrunning ground motion, the horizontal accelerations are approximately equal
to the vertical accelerations.

Newmark and Hall (Reference IV-l.23) suggest that horizontal acceleration be

taken equal to vertical acceleration. In Figure IV-l.15 it is seen that this

relationship is conservative for depths less than approximately 20 feet in the

superseismic region. For the outrunning ground motion region, the relation is •s

suggested above.

The one-dimensional methods for vertical ground shock parameters gives little
information on horizontal stresses and no information on horizontal motions. Peak
horizontal stresses may be estimated on the basis of one-dimensional assun.,jtions

(Reference IV-l.l). No consistent method, empirical or otherwise, is presently
available for the prediction of horizontal wave forms. Procedures for estimating
peak horizontal moticns have developed from emDirical studies and two dimensional

code calculations. Horizontal stress is generally taken as some constant times
the vertical stress,

Kv (IV-I.24)
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where a is the horizontal stress, K is the eart,, pressure coefficient, and a is
the vertical stress. The earth press-ire coefficient, K, depends upon the proper-

ties of the soil, the degree of saturation, the stress level, the condition of

lateral restraint, and the previous stress history (Reference IV-l.22).

A soil element under an increment of vertical stress, sv, results in a

vertical strain increment, cv. The horizontal strain, eh' and resulting horizontal

stress depend upon the restraint of the confining medium. Under conditions of

uniaxial strain, as is assumed under superseismic conditions, the horizontal strain

is zero. The earth pressure coefficient corresponding to the condition of zero

horizontal strain is called the earth pressure coefficient at rest, usually

designated K0. In fluids, Ko is unity, that is, the horizontal stress is equal

to the vertical stress. In perfectly elastic materials, Ko is given by

Ko V (IV-I.25)

where v is Poisson-s ratio. In soils, the in situ values K. may be greater or less

than unity depending upon the degree of homogeneity, isotropy and prior geologic his-

tory. For example Ko may exceed one in cases where the soil has been heavily pre-

loaded in the past by large depths of overburden which have since been eroded. The

high horizontal stresses may be envisioned as "locked in." In general, K fur soils

is not constant but varies with stress level, stress application rate, and whether

the soil is being loaded or unloaded. Ko during unloading generally exceeds the

loading Ko because of the hysteretic nature of soils. A load-unload cycle is sim-

ilar to the preloading of soil in situ. For the prediction of peak horizontal stres-

ses due to superseismic airblast, K due to an increment of stress, rather than the

existing in situ K is necessary. Under' dynamic ,.onditions, the value of K depends

to a large extent on whether or not the soil is saturated. A stress suddenly ap-

plied to an element of a saturated soil is transmitted almost entirely through the

water phase because the loading rates are much higher than the rates at which

drainage can occur. Therefore, Ko assumes a value of near unity in most saturated

soils. An exception occurs in very stiff cohesive soils, for example, shale of

relatively high dry density and low permeability. In stiff cohesive soils, the

soil may be stiffer than the water phase; hence, a considerable part of the applied

dynamic stress may be transmitted through the soil structure. Therefore, the Ko
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value will be less than unity even for complete saturation and may be as low as

one-third, a value corresponding to the soil structure without water. For all

materials under static locds and drained conditions, Ko assumes a value correspond-

ing to that of the soil skeleton. Table IV-l.3 presents suggested dynamic. K

values for several soil categories. Cohesive soils are categorized according to

consistency which is defined beneath the t3ble (Reference IV-I.22).

Horizontal stress-time histories for Shot PRISCILLA, conducted in Nevada Test

Site alluvium, are compared with corresponding vertical-time histories in Figure

IV-l.16. In spite of missing data and significant variations and differences be-

tween the available vertical and horizontal waveforms, the horizontal waveforms

appear to generally follow the vertical wavefcrms.

The conclusion of similarity between the vertical and horizontal stress wave-
forms may be related to the relative homogeneity of the test site. Crawford, et.

al. (Reference IV-l.l) recommends that the horizontal waveform be taken similar

to the predicted vertical waveform regardless of site conditions. Estimates of

horizontal components of acceleration, velocity and displacement must rely upon

empirical data and two-dimensional theoretical and code calculation results. At

relatively homogeneous sites, the ratios of peak horizontal motion components

to peak vertical components appear related to the angle of inclination between

the incident wave front and the ground surface. Two dimensional studies of

superseismic airblast induced ground shock in elastic unlayered media (Reference IV-

1.28) indicate the motions at the wave front occur perpendicular to the wave

front. Therefore, the ratio of the horizontal components of motion to the vertical

components of motion at the wave front in an elastic medium is equal to the tan-

gent of the angle of inclination of the wave front with respect to the ground

surface (see Figure IV-l.17a), or

H ~C)= tans = tan (arcsin U (IVM-1.26)V

where H is the horizontal motion component at wave front, V is the vertical motion

component al wave front, a is the angle of inclination of wave front, C is the

compressional wave velocity, and U is the airblast shock front velocity for a
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homogeneous site, if tan (arcsin i) > 1, then the peak horizontal component should

be taken as equal to the peak verti'cal component.

Wave propagation in real geologic materials differs from elastic -lave pro-

pagation in that lower stress levels propagate at the seismic velocity, Ci, while

stress peaks propagate at the velocity associated with the loading modulus, CL.

The wave fronts and inclination angles associated with the two velocities in a

homogeneous halfspace are shown in Figure IV-l.17b.

Peak downward vertical accelerations due to the incident wave usually occur

with the arrival of the wave front and, therefore, Crawford, et. al. (Reference

IV-l.l) recommends that the ratio of peak horizontal acceleration to peak

vertical acceleration due to the incident stress wave be estimated by Equation

IV-l.26 using Cp = Ci.

The horizontal accelerations for the PPG experiments and for JANGLE S are

shown in Figure IV-l.18 and are seen to follow the same trend as the vertical
accelerations in Figure IV-l.14. On the average, the horizontal accelerations
are one-half the vertical accelerations which is in some contrast to the obser-

vations at Nevada Test Site noted above.
IV-l.2.3 Attenuation of Acceleration with Depth

While there is no convincing experimental variation with overpressure of the

ratio of vertical acceleration to overpressure in the superseismic airblast region,

there is a very noticeable variation of acceleration with depth. Based on the data

of PRISCILLA, UPSHOT/KNOTHOLE, and TUMBLER/SNAPPER, Swift, Sachs and Sauer
(Reference IV-I.27) present the "best fit" power law variation with depth,

a (y) 1.5APsy-O'83 (IV-I.27)

where av is the maximum vertical acceleration in g's, 6ps is the overpressure in

psi, and y is the depth in feet. Equation IV-'.27 gives an acceleration-overpres-

sure ratio of 0.4 at 5-foot depth which is consistent with the conclusions drawn

from Figures IV-l.9 and IV-l.lO. Sauer (Reference IV-l.26) also adopts that power

law variation of vertical acceleration with depth. The same data used to develop

Equation IV-1.27 are compared in Figure IV-l.19 with that equation. Figure

IV-l.19 indicates that the rate of attenuation is somewhat less than that indicated
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Figure IV-1.19. Attenuation of vertical acceleration with
depth in superseismic airblast at NTS.
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by Equation IV-1.27 'or depths less than 5 the attenuation is greater than

that indicated by Equation IV-l.27 at depths gr-eater than 50 feet, approaching

approximately a 3/2 power variation with depth.

Newmark and Hall (Reference IV-l.23) derived the attenuation of vertical

acceleration by specifying that the acceleration is approximately equal to the

vertical particle velocity divided by the rise time of velocity. The rise time is

taken to be half the transit time of the stress wave to reach the depth in question

or 2 msec, whichever is greater. Combining the prediction equations of Reference

IV-I.23 for the surface particle velocity, the attenuation of particle velocity,

and the relationship for the rise time of the particle velocity there results

Ap C
a (y) : 2.6a -s (IV-I.28)
v yCp

where av is the vertical acceleration in g's. Aps is the overpressure in psi, y

is the depth in feet, C is the average of the compressional wave velocities be-P
tween the surface and the point in question, C is the compressional wave velocity

p
at the surface, and a is the attenuation factor for maximum vertical particle

velocity (see Figure IV-I.27 and Section IV-I.3.2). Newmark and Hall (Reference
IV-I.23) note that this procedure "gives less attenuation in rock than in soil,

which is raasonable." For homogeneous media C- = C so that the influence of
pp

compressional wave velocity cancels in the attenuation of vertical acceleration.

The predictions of Equation IV-I.28 are compared with the data from experi-

ments at NTS (Figure IV-I.19) in Figure IV-I.20. The predictions were calculated

for a yield of 40 kt using the soil constants recommended in Reference IV-I.23,

Cp = 1,000 and p = 2,000 feet/sec for depths greater than approximately 30 feet.*
p p

*In performing these calculations, as shown in Figure IV-I.20, the ratio

av(Y)/a'(5) was computed where av(5) is calculated from Equation IV-I.27. A check

for 40 kt at a depth of 40 feet for an overpressure of 100 psi shows

av (40) 7.8

av(5) 39 44 0.2
v

which agrees with Figure IV-l.20. Here, • : 0.6 from Figure IV-I.27. The ratio

av(Y)/a'(5) plotted as a function depth in Figure IV-l.20 is

a (Y)
6.58 - (IV-I.29)

a-(5) y .v Cp
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Figure IV-1.20. Predicted attenuation of maximum vertical
acceleration from Reference IV-l.23 for
the superseismic airblast region.
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The seismic compressional wave velocity in Frenchman Flat is known to vary be-

tween depth of 10 feet to 30 feet (see Part III) so that the computation proceeded

using TP = Cp = 1,000 feet/sec for depths less than 10 feet. Hence the prediction
is shown dotted in the depth interval of 10 to 30 feet with the transition being

arbitrarily taken at a depth of 20 feet. Cusps in the curve at a depth of 4 feet

correspond to the use of the minimum value of 2 msec for the particle velocity rise

time. The agreement of this prediction method with the data is quite good as
evidenced by the comparison shown in Figure IV-l.20. Note that the prediction
procedure differs in two fundamental aspects from the presentation of the data in

Figure IV-l.19. The attenuation rate increases with increasing overpressure due to

dependence of a on overpressure and decreases with increasing yields due to the

dependence of a on the scaled depth (see Figure IV-l.27).

The attenuation with depth of vertical acceleration for PPG is shown in

Figure IV-l.21 including !9 data points from JANGLE S which were in the outrunning

ground motion region. In this plot, the acceleration data are normalized against

the acceleration data near the surface using the results in Figure IV-1.13. The

attenuation of vertical acceleration with depth at PPG is seen to be similar to
that at NTS. Based on the large difference in yield between JANGLE S and PPG 4,
it appears that the acceleration does not attenuate proportionately to the scaled

depth. This result is probably due to the fact that the magnitude of the accelera-
tion is largely controlled by the nonlinear character of the soil which does not

scale with the weapon yield. This argument is in conflict with the results of

small underground high explosive detonations. However, it is plausible that effects
which play an important role in high explosive detonations do not appear to be a

major factor in nuclear detonations.

The attenuation of horizontal acceleration with depth at PPG is shown in

Figure IV-l.22. As previously noted, horizontal accelerations near the surface in

the superseismic airblast region are approximately 1/3 of the vertical accelerations

while those in the outrunning ground motion region are approximately equal to the

vertical acceleration. As the depth increases, the horizontal acceleration tends
to be equal to the vertical acceleration in both the superseismic airblast and

outrunning ground motion regions. In Figures IV-l.21 and IV-l.22, the data from

SMALL BOY and JOHNIE BOY were added using Figure IV-l.13. The SMALL BOY and

JOHNIE BOY data were taken from References IV-l.29 and IV-l.30, respectively.

*Thus, Equation IV-l.27 fits the data of Figure IV-l.19, while Equation IV-l.29 fits
the same data better.
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Figure IV-1.21. Vertical acceleration versus depth for outrunning
ground motion at PPG.
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IV-1.3 CORRELATION OF MAXIMUM PARTICLE VELOCITY DATA

This section presents and discusses the horizontal and vertical particle

velocity data for those shots discussed ir the previous section.

IV-l.3.1 Vertical Particle Velocity Near the Surface.

Near the ground surface the airblast-induced motion dominates the high-

frequency portions of the particle velocity waveforms. For alluvial materials,
the airblast is generally sufficiently superseismic that one-dimensional theory

offers a good approximation for vertical motion but not for horizontal motion.

Using one-dimensional computer codes and given sufficient information on soil

properties, it is a comparatively simple task to calculate the vertical airblast-

induced ground motion. See, for example, Reference IV-l.31.

The vertical particle velocity at or near the surface in the superseismic

airblast region has been shown to be proportional to the overpressure directly

above the point of interest (References IV-l.23 and IV-l.26). Figure IV-l.23

shows the ratio of the velocity jump (the sudden increase in velocity due to

passage of the overpressure) to the cverpressure. This ratio varies between 0.04

and 0.06 ft/sec/psi with a recommended average value of 0.05 ± 20 percent

(Reference IV-l.26). Based on the analysis of the same data Reference IV-l.23
gives a ratio of particle velocity to overpressure as 0.042 ft/sec/psi. The 20-

percent difference in the ratio is due solely to minor differences in methods of

data analysis and should be regarded as trivial in view of the much larger

uncertainties involved in extrapolation data from NTS soil to soils of higher or

lower compressional wave velocity.*

*If the individual references cited are followed for the calculation of the
maximum value of the velocity response spectrum, then the 20-percent difference
noted above will almost cancel out. Sauer (Reference IV-l.26) recommends that the

maximum response velocity be equal to 1.35 times the maximurm particle velocity
while Newmark and Hall (Reference IV-l.23) recommend that the maximum response
velocity be equal to 1.5 times the maximum particle velocity. Hence the difference
in maximum response velocity calculated by the two methods would be less than 8
percent.
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Figure IV-1.22. Horizontal acceleration versus depth for
outrunning ground motion at PPG.
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The values mentioned hold for the superseismic region, and still hold for the

airslap, and when the ground motion outruns the airblast, the ratio of

particle velocity to overpressure may become as high as 0.1. Correlation of

maximum velocity data in the outrunning region will be treated later.

Extrapolation of vertical particle velocity data to media whose properties
differ from those of NTS may be based on elastic theory. Newmark and Hall

(Reference IV-l.23) recommend that the particle velocity be taken inversely
proportional to the seismic compressional wave velocity of the medium using a

value of 1,000 ft/sec as representative of the NTS alluvium. Sauer (Reference

IV-l.26) recommends that the particle velocity be taken inversely proportional to

the impedance, pCp, where C is the compressional wave velocity for the propaga-

pItion of large stress levels and p is the medium density. This latter recommenda-

tion is based on the fact that although the seismic velocity equals approximately

1,000 ft/sec near the surface at Frenchman Flat, observations made during a

nuclear test show that the compressional wave velocity for the stress levels of

interest was approximately 760 ft/sec ± 15 percent. When this value of compres-

sional wave velocity is inserted along with the in situ soil density then the

theoretical value of the vertical velocity-overpressure ratio becomes 0.048 ± 15

percent, almost the exact relationship noted experinientally. Thus, the two sets

of prediction relationships are not inconsistent if the recommended procedures

are not intermingled. If the recommendations of Reference IV-l.23 are used, then
the particle velocity is taken as inversely proportional to the seismic velocity

using Cp = 1,000 ft/sec for NTS. If the procedure of Reference IV-l.26 is used
then the particle velocity is taken as inversely proportional to acoustic impedance

of the medium for high-stress waves using the reference values of 128 lbs/ft 3 for

the in situ density and 760 ft/sec for the compressional wave velocity.

Of particular significance in the second prediction method 4; the concept

that the actual compression wave velocity (that corresponding to the propagation

of waves of large stress) is not always a constant fraction of the seismic
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compression wave velocity. This introduces more complications than are warrantqd

at the present time. However, as dynamic soil mechanics evolves, we should be able

to take quantitat1ve account of the differences that are known to exist between the

actual compressional wave velocity and the seismic compression wive velocity.

Similar to the behavior of maximum vertical acceleration, maximuma vertical

particle velocity becomes a function of scaled ground range in the outrunning

ground motion region as shown in Figures IV-l.24 and IV-l.25. In Figure IV-l.24,

data are presented for weapon yields which range from 1 kt to 10 mt and scaled

heights of bursts from the surface to 100 ft/ktl/3. The depth of measurement also

varies as indlc3ted in the legend. On a scaled basis, this difference would not

appear to be significant except for the presence of the water table. The datd

plotted represent the measurements made closest to the surface on each shot listed

and some measurements appear to be above and below the water table. However, the
basic data are not clear in this respect. Within the scatter of the correlation,

the data do not exhibit any systematic trend with respect to depth.

Nevada Test Site particle velocity data shown in Figure IV-l.25 are seen to

approach asymptotically the same negative slope observed in Figure IV-l.24 for a

sufficient range beyond the outrunning region. Maximum particle velocities in the

outrunning region for NTS are four times as large as that for PPG.

For fully developed outrunning ground motion, Sauer (Reference IV-l.26)

presents the following correlation equations for maximum vertical velocity, vms

regardless of sign. For NTS it is

8 R
vm =2 x 10 ft/sec (IV-l.30)

W1/3

and for PPG it is

V =5 x 107 R , ft/sec (IV-l.31)WI/3
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where vm is in ft/sec, R is in ft, and W is in mt. The 4:1 difference in the

constants of the above equations is evidence that the particle velocity decreases

as the compressional wave velocity increases and is consistent with the 5:1 dif-

ference in seismic velocity between PPG and NTS.

If it is assumed (Reference IV-1.1) that particle velocity is inversely

proportional to the product of the mass density and the seismic velocity, F-'i

taking the in situ density of 120 lbs/ft 3 for NTS and PPG, and the near-surr-•ce

seismic velocity of 5500 ft/sec and 1200 ft/sec for PPG and NTS respectively,

then there results the following average relation for the peak vertical particle

velocity for the outrunning region:

vm11 R 10O0 1000

Vm = 3.1 x 10 7( I )- (-- ) , ft/sec (IV-1.32)

where vm, R, and W have the same units as in Equations IV-l.30 and IV-l.31, p is

in lbs/ft 3 and C ft/sec.

IV-1.3.2 Variation of Vertical Particle Velocity with Depth

Figure IV-l.26 presents the attenuation of vertical particle velocity as the

ratio of the maximum vertical particle velocity at depth to the maximum vertical

velocity near the surface (5-ft depth) as a function of a modified scaled depth

for data from nuclear events carried out at Frenchman Flat, NTS. The scaled

depth is

a y (IV-1.33)
Cp W1/3

where a is the ambient air sound speed, C is the compression wave velocity, y is

the depth from surface, and W is the weapon yield in kt. This form of depth

scaling was derived from correlation of theoretical computations for one-dimen-

sional viscoelastic wave propagation with quasi-steady plane strain wave propaga-

tion in an elastic homogeneous half-space. The correlation shown in Figure IV-l.26

was developed using a compressional wave velocity of 760 ft/sec for NTS.
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The correlation curve is presumed to represent the best estimate for the

variation of maximum velocity with depth. It takes into consideration the fact

that velocity shculd decay somewhat more rapidly than maximum displacemert because

of the more rapid attenuation of the hiqh-frequency components. The width of the

curve does not represent an estimate of error but simrly indicates that there is

some uncertainty in the specific location of the line. The data do not indicate

any correlation with overpressure level or overpressure waveform. It should be
noted that all data are for the superseismic airblast region.

Newmark arid Hall (Reference IV-l.34) had estimated the attenuation of vertical

particle velocity. Maximum vertical velocity was taken to oe proportional to

maximum vertical stress. The attenuati,: of vertical stress is found from a

solution of the stress field imposed by typical overpressure distributions on the

surface of an elastic half-space. Results are given in terms of an attenuation

factor, a, which equals the vertical particle velocity (stress) at depth divided

by the particle velocity (overpressure) at the ground surface. Figure IV-l.27

shows the attenuation factor as a func.tion of scaled depth and overpressure level

computed from equations presented in References IV-l.27 and IV-l.34. The mor'e

recent version of Reference IV-l.34 (Reference IV-l.35) shows a somewhat greater

attenuation. The difference is not significant in view of the uncertainties that

exist in experimental data. The attenuation factor is larger for higher over-

pressures because the attenuation of stress with depth depends theoretically upon

the decay of overpressure with time, which is greater for higher overpressures and

for small yields. The yield factor is taken into account by using the depth

scaled to 1 kt. Since the overpressure wavef,..'m becomes peaked at higher over-

pressures, the overpressure must enter as an independent parameter. The results

of Figure IV-I.27 are shown superimposed on the data in Figure IV-l.26, where the

compression wave velocity factor useid was the one assumed in Reference IV-l.26

representative of Frenchman Plat (a/Cp = 1.5). Overpressures shown are typical of

the range of the majority of the PRISCILLA data. The attenuation factor is some-

what smaller than that indicated by the correlation proposed by Sau~r (Reference

IV-l.26) who favors the data of Reference IV-l.32 over that of Reference IV-l.33.

This latter data results from the small amplitude of the primary acceleration.

The curves shown on Figur-e IV-l.26 fal' within the spread oF the data and it might

be argued that the correlation band (Reference IV-1.26) gives an attenuation factor

that is too large and, therefo-e, is iot conservative from a protective structure

design stanrpoint. it should be mentioned that in both of the proposed predictions,
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the lack of data prevents substantiation of a critical element of the correlation,

naraely, the influence of compressional wave velocity in the proposed correlation

of Reference IV-l.26 (shaded band in Figure IV-l.26) and the influence of over-
pressure on the attenuation factor in the correlation of Reference IV-l.34 (curves

in Figure IV-I.26).

The maximum overpressure at which ground motion measurements were made was

554 psi on Event PRISCILLA. These measurements lead to the ratios of particle

velccity to overpressure discussed in References IV-1.26 and IV-1.34. Subsequent

Lo PPISCILLA, extensive measurements were made on the SMALL BOY Event covering a

range from seismic to approximately 2,000 psi equivalent range, avd depths from

5 feet to 300 feet in the Frenchman Flat airea of NTS (References IV-1.36 and IV-

1.37). At the low overpressures, the ratio of particle velocity to overpressure

was found to be near 0.1 ft/sec/psi while at the higher overpressures the ratio

dropped below the PRISCILLA values. A similar trend is noted in t[- results of

high-explosive experiments over alluvial scils. The ,ower values of particle

velocity to overpressure ratio at high overpressures and/or at low yield is a

result of more rapid attenuation of the hig.i frequencies contained in the airblast

at these extreme conditions.

Reference IV-L.38 presents an empirical correlation of these data combining

in a single parameter, X, the effects oF overpressuce (expressed in terms of the

non-dimensional gradient of overpressure with respect to time just to the rear of

the shock front), depth and explosion yield. This correlation is

yX W f(Ap) (IV-l .34)

where y is the depth oif measurement in feet, W is the detonation yield in kt, and

f(Ap) is a function of overDressure. The function f(Ap) is shown in Figure IV-

1.28 as a function of oý,erpressure scaled to ambient atmospheric pressure. SMALL

BOY data plotted against this relationship are shown in Figure IV-l.29 and the

data for the events of Figure IV-1.29 are plotted versus X in Figure IV-l.30.

High-explosive data cover a much broader range of detonation yields (256

pounds to 100 tons) than the nuclear data, with overpressures ranging from 4 psi

to 1700 psi. These uata are shown in Figure IV-1.30. Although the HE data have
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the same trend as the nuclear data, they show a somewhat different correlation.

This is most probably due to the fact that the pressure function, f(Ap), is based

on nuclear overpressure wavetorms rather than high-explosive overpressure wave-

forms.

The only available data on the attenuation of vertical particle velocity for

!arge-y 4eld weL)ons are from PPG 4. The majority of the HARDTACK-I data (Figure

IV-l.31) were in the outrunning ground motion region. In Figure IV-l.31, max'mum

vertical velocities were normalized by dividing by the values of the mean curve

of Figure IV-1.24. The scatter in the correlation is a little greater than the

scatter in the data in Figure 1V-1.24. Since the yield of PPG 4 is roughly 200

times that of PPG 3, it must be concluded that vertical particle velocities in the

outrunning ground motion region attenuate with depth more or less independently of

weapon yield. Note that the two superseismic data points (indicated by an X) for
PPG 4 do not vary significantly with depth. This is consistent with the correla-

tion s',ggested in Figures IV-1.26 and IV-1.27. However, the data are too scant to
confirm this postulate.

Cooper and Bratton (Reference TV-I.31) )orted on a study of vertical air-

blast-induced ground motions produced by nuclear explosions over a dry soil

medium. Material properties to model Frenchman Flat at NTS for use in first

principle calculations were synthesized from very limited dynamic laboratory

stress-strain data, various soil characteristics, and seismic data. They

performed parametric calculations with a one-dimensional, plane-strain finite

difference computer program to define a "theoretical" simplified model that

expresses peak vertical velocities and displacements as a function of weapon

yield, peak overpressure and depth. The ground motions predicted by this model

were then compared to ground motion data from detonations at Frenchman Flat. In

particular, predictions of the simplified model were found to be reasonably con-

sistent with the PRISCILLA data. These data were a primary basis for empirical

prediction procedures widely used in the design and analysis of strategic struc-

tures. The model could be altered in cases where little or no dynamic soil pro-

perty data exist to provide even better agreement between calculated and measured

ground motions. Study of qualitative features of the model results provided in-

sight into the basic wave propagbtion phenomena at Frenchman Flat which could
improve the interpretation of experimental data so that a more consistent com-

parison between theory and experiment could result.
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From a series of one-dimensional calculations, Cooper and Bratton (Reference IV-

1.31) developed the following expressions for predicting vertical airblast induced

velocities as a function of yield, peak overpressures and depth:

v = 0.5 Aps , Z 0 (IV-I.35)

Aps 0.95 W~e -0.0085(Z -30), in/sec (IV-1.36)v:50 I0

where

/ 0.36
APs

A:0.07 100 (IV-1.37)

where v is in inches per sec, Z is the depth in feet, W is the weapon yield in

mt, and APs is the airblast peak overpressure in psi. Equation IV-1.36 is valid

only for 30 < Z < 100 ft. Equations IV-1.36 and IV-1.37 are valid for 1 kt
< W < 10 mt and 100 < AP < 1000 psi. Cooper and Bratton draw the following con-
clusions from the study of their model when applied to nuclear test data from

Frenchman Flat.

(1) For a given yield, near-surface peak particle velocities are strongly0.95
dependent on peak overpressure. For example, at Z = 30 ft, v - 0.9P and there-

fore uncertainties in predicting peak overpressure as a function of range are
translated into nearly equivalent uncertainties in predicting near-surface peak

vertical airblast-induced ground motions.
(2) For a given peak overpressure, near-surface peak particle velocities are

weakly dependent on weapon yield. For example, at Z = 30 ft, v - W where

0.07 < < 0.16 for 100 < APs < 1000 psi. Thus, uncertainties in specifying the

yield are only weakly translated into uncertainties in predicting the peak near-

surface vertical ground motions.

(3) Peak vertical particle velocities below about 30 ft attenu *e exponen-

tially, but at a rate that is usually less rapid than at shallower depths.. In
general, the attenuation rates increase with increasing peak overpressure or

decreasing yield.
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(4) The response of the softer layers balow about 30 ft leads to a downward

acceleration of the surface so that a residual downward velocity remains, even

after the overpressure positive phase is over for low yields. This downward motion

is reversed by reflected compressional waves from either the fourth (170 ft) or

fifth (650 ft) interface, depending on the yiel( nd peak overpressure.* Such

downward coasting phenomena could easily be mis ,'preted as a base line shift

in the analysis of test data.

IV-l.3.3 Horizontal Particle Velocity

Sauer (Reference IV-l.26) recommends that the maximum horizontal velocity be

taken equal to two-.thirds of the maximum vertical velocity in the superseismic

airblast region. Figures IV-l.32 and IV-l.33 present the relatively small number

of data on maximum horizontal velocity in a manner similar to that for vertical

particle velocity.

Cooper and Bratton compared the ground motions predicted by their simplified

model with those measured on several nuclear events in Frenchman Flat. They

emphasized the comparison with PRISCILLA data because they were the primary basis

of empirical prediction procedures developed in the early 1960's and applied to

develop criteria for many existing strategic systems (Reference IV-l.22).

Figure IV-l.33a compares tile calculated in situ "impedance" of the very near

surface soils data from five nuclear tests in Frenchman Flat. Both the calculated

and experimental data were derived by dividing the peak overpressure by the peak

particle velocity at the indicated depths (pc = AP/v). Thus, the term impedance

strictly applies only for the free surface because peak particle velocity and

stress 3ttenuate with increasing depth. This attenuation, which is less signifi-

cant at the los. overpressures and high yields, is the cause of the variation

between AP/v for 0 and 10 ft depths and for the yield variation between 1 and 100

kilotons. Outrunning conditions exist for peak overpressures less than about 25

psi in Frenchman Flat. Nevertheless, a jump in particle velocity is caused by the

arrival of the airblast so that the low overpressure near-surface data in Figure

IV-l.33a may be appropriate even though outrunning conditions exist. In any case,

the calculated AP/v appears to be somewhat higher than the analogous nuclear test
data from the upper 10 ft of soil in Frenchman Flat. This result implies that the

loading stress-strain curve assumed for the 0-10 ft layer" of Frenchman Flat in

*See Refe-ence IV-l.31 for a description of the Frenchman Flat layers and their
properties used in the model.
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their model may have been too stiff. The experimental data suggest that AP/v 20

psi/fps as opposed to the calculated surface impedance of 24 psi/fps (or even

larger values at 5 and 10 ft depths). Thus, the calculations would be more con-.

sistent with the experimental data if the modulus of the surface layer, for the

peak pressures of concern, were reduced by about 30 to 50 percent; an alteration

that would produce only a minor increase in the surface displacements and no change

in displacements below 10 feet.

The comparison of peak particle velocities predicted by the simplified theo-

retical model for a yield of 37 kilotons detonated at 700 ft altitude with the

experimental data from PRISCILLA was made. Although the equations summarized

above could be used as a basis for comparison, they interpolated between the peak

displacement and particle velocity attenuation curves for the case of a 37 kt near

surface burst. Figure IV-l.33b compares measured near-surface peak particle

velocities with predictions from the simplified model. As noted previously, the

model tends to underestimate the near-surface peak particle velocity experimental

data. To present the data in a form that allows a more representative comparison,

the reported vertical motion data were normalized by the best estimate fit to the

experimental surface data shown in Figure IV-I.33c. Note that the estimate from
the simplified model is about 20 percent lower than the peak particle velocity data,

The normalized data are compared with the predicted attenuation of vertical peak

particle velocity and displacement, as shown in Figure IV-l.33d.

The simplified model was based on the overpressure boundary condition pre-

dicted for a surface burst, and prediction formulae were expressed in terms of

peak overpressure. To reduce the possible ambiguity in interpreting discrepancies

between the results of theoretical calculations and experimental data from other

than surface bursts, they calculated the ground motions directly for the 650 ft

and 1,050 ft ranges on PRISCILLA, utilizing fits to the measured overpressure. The

calculated particle velocity waveforms are qualitatively similar to those measured,

but some quantitative discrepancies exist. The calculations underestimate the near-

surface peak particle velocity data. Perhaps of greater importance, the calculated

positive phase durations are consistently longer than those reported by SRI (and

sometimes significantly shorter than those reported by Sandia).

Note that with the exception of single datum points for Shots 9 and 10 of

UPSHOT-KNOTHOLE, respectively, the data on horizontal velocity is limited to

PRISCILLA. In Figure IV-I.32, the horizontal velocity-overp'essure ratio is
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approximately 0.005 ft/sec/psi ± 50 percent. The second maximum in Figure IV-1.33

is somewhat smaller and inward with a velocity-overpressure ratio of 0.003 ft/sec/

psi ± 70 percent. Although the scatter in the data is considerably larger than

for the vertical velocity data, the impression given by Figures IV-l.32 and IV-

1.33 is that the maximum horizontal particle velocity does not attenuate with depth

below the surface, at least not to the depth at which the data cease. Moreover, it

appears that the ratio of maximum horizontal particle velocity to maximum vertical

particle velocity near the surface is about 1/10 and certainly not larger than 1/4.

Horizontal velocity data near the surface in the outrunning ground motion

region are presented in Figure IV-l.34 and were taken from Reference IV-l.35.

These data show a larger scatter than the vertical particle velocity data. It is

in fact difficult to ascribe a mean line for these data. It appears that the decay

of horizontal velocity with ground range lies somewhere between a slope of -1.5

and -2, the -'.5 slope being applicable for scaled ground range greater than 700

ft (overpressure less than approximately 20 psi). At smaller ground ranges (over-

pressures greater than 20 psi) the maximum horizcntal rarticle velocity appears to

be about 1/4 to 1/2 of the maximum vertical particle velocity.

Data on the variation of horizontal particle velocity with depth in the out-

running ground motion region are limited to the data from HARDTACK-I. In Figure

IV-l.35, the horizontal particle velocities have been divided by the mean particle

velocity near the surface determined from the average values of the curve of

Figure IV-l.34. In view of the uncertairty in the correlation of the data of

Figure IV-I.34, both mean curves have been used for normalization. The vertical

lines of Figure IV-l.35 represent the limits of the results for these two calcula-

tions. Horizontal velocity in the outrunning ground motion region does not appear

to have any significant attenuation with depth down to 100 ft. This is similar

to the situation observed at NTS for the superseismic airblast region (see Figures

IV-l.32 and IV-l.33).

IV-l.4 CORRELATION OF MAXIMUM DISPLACEMENT DATA.

in this section is presented a discussion of the data on surface displacements

in the superseismic region and data on variations of maximum displacements with

depth.

Comparison is made of the ground motions predicted by the simplified model

developed by Cooper and Bratton (Reference IV-l.31) with those measured on several

nuclear events at Frenchman Flat. Emphasis is placed on the comparison with
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PRISCILLA data because they were the primary basis of empirical prediction proced-

ures developed in the early 19bO's and applied to develop criteria for many P "st-

ing strategic systems (Reference IV-1.22).

Figure IV-1.36 compares measured near-surface peak displacements with predic-

tions from the simplified model. As noted previously, peak displacements predicted

by the simplified model lie more in the center of the data scatter.

Figures IV-1.37 and IV-1.38 compare peak displacement data at depth with

predictions from the simplified model procedures. In cases where independent peak

overpressure data were reported 5y Sandia ana SRI, the simplified model is unfolded

for both cases. It is difficult to evaluate the accuracy of the predicted attenua-

tion characteristics from these plots because insufficient data exist at each range

to define the inherent data scatter as a function of depth. To present the data in

a form that allows a more representative comparison, Cooper and Bratton normalized

the reported ver t ical motion data by the best estimate fit to the experimental sur-

face data shown in Figure IV-1.39. Note that the estimate from the simplified

model is an adequate fit for peak displacements. The normalized data are compared

with the predicted attenuation of vertical peak displacement, as shown in Figure

TV-I .40.

The simplified model was based on the overpressure boundary condition predicted

fcr a surface bur ', and prediction formulae were expressed in terms of peak over-

pressure. To reduce th-. po,_sihle ambiguity in interpreting discrepancies between
the results of 1'.eoretical calculations and experimerntal data from other than sur-

face bursts, Cooper and Bratton calculated the ground ,iiotions directly for the 650

ft and 1,050 ft ranoes for event PRISCILLA, utilizing fits to the measured over-

pressure as shown in Figure IV-1.41. The calculated particle velocity waveforris

are qualitativaly similar to tVcse measured, but some quantitative discrepancies

exist. The ca•cu!ltions underestimate the near-surface peak particle velocity data.

Perhaps of greater importance, the calculated positive phase durations are consist-

ently longer than those reported by SRI and sometimes significantly shorter than

those reported by Sandia. The calculated and meas.,red peak displacements in Figure

IV-l. 4 2 differ by at most a factor of 2, that is, less than discrepancies between

some of the SRI arid Sandia data.

Figure IV-I.43 compares relative displacement data with calculated results

for the 650 and i,050 ft ranges, assuming the measured, overpressure as a boundary

condition. ihe calculatcd results underestimate the data at shallow depths

IV-1-84



100

-~100:

LUJ +..*

0.4 21 11

40 100 1000
A - psi

Figure IV-0.36. Comparison of theoretical model and
near-surface ground motion data
from PRISCILLA.

IV-1'-85

................... AP.'.~-n - -s

Fiur IVl.6 Coprsno hoeia oe n



KL W

Iz I--1...

Va)

0~ L 00 C0 u

Ln

ý-4'-m

0. C.D ul A

0

CD' LU )C C ) L

LLIL

IV-1 -86



I.-)

CD-

fy-e

LU,

U.)U

.) 0.)

4-)

S 4-'

L-j. cm

c~ E

TICl 0 .-

0 0

LU /

(D.

L4ý C 3o-

U-)

CZ)C

co)C C) C I')

4@a Hid3G

IV-1 -87



100-

r -

10 - A

+|

AA

w!

-- + -

" CALCULATED
i"1

10-4-

.4!In 1111 , , I li ii

40 100 1000
AP - psi

Figure IV-1.39. Best estimate of very
near-surface vertical
motion data from
PRISCILLA.

IV-1-88



E-E

0

K4- -J

-00

CCD CD CD CD0

- ~ o I41

-0 a

> C)

F~~ 0 
9-,

V40NV 0 isd

CDC*C CD :

C~i k. C

Hld~T

IV18



M-v' FIMRiýN '-M-F

N:r

120

100 - CALCULATION

8.SRI
"80 -. -... SANDIA

~60
' 1050 ft. RANGE

200 250 300 350 400 450 500

-

!i ~TIME- milIlIiseconds

i• ~ ~350 l'!

• 300

200 SANDIA

650 ft. RANGE100_ __- -'

0 •1 __ _ __ _ __ _ __ _ _ __ _ __ _ __ _ _ __ _ __ _ __ _ _

125 150 175 200 5 0 275 300 325

TIME- miliseconds

Figure IV-I.41. Comparison of overpressure boundary condition withPRISCILLA data.

IV-1-90 •

S~~~~~~~~~.................. •.- .' --....... •i__,....,=,•......... ......... ••...,.• ,•..SANDIA"



4-)

u

*r-.

3 .4

4-Y

rL Ua L)

(D

* r =

LU

C)LU CL
CD C C) C) C) .)

CIQ~0 0000.::

u 0.

~4--)4-

> r

4-J 4- C

o r

I~CU

oL C) C)C C I

4.C C)

- {LJ



00

0

0 650 ft. RANGE
-0 1050ft. RANGE

40

0

80 I"

"4'- 0
120-CALCULATED FOR"'- 120- 650 ft. -

160 CALCULATED FOR 2
160 .•. •1050 ft. _

200

0 5 10 15 20

RELATIVE DISPLACEMENT - inches

Figure IV-1.43. Comparison of relative displacement data with
calculated results using measured overpressure
as a boundary condition.

IV-1-92

................................................... ' .':,,... YC" , L77 - ,



suggesting that the surface layer may be more compressible than was assumed in the

model. On the other hand, the measured relative displacements between the surface

and 50 ft depth and between the surface and 200 ft depth differ by significantly

less than calculated, suggesting that Cooper and Bratton's model for the soils

between 50 and 200 ft may be too compressible. The reasonable comparison between

calculated arid measured peak wave speeds suggests that this discrepancy in peak

relative displacements results from differences between calculated and mpasured

late-time phenomena rather than phenomena associated with the arrival of the

particle velocity peak.

SSurface oeak displacements are proportional to AP0 .78 (Reference T -1.31).

Therefore, discrepancies between predictions qf peak pressure and PkISLI.A air-

blast data cause comparable discrepancies between ground motion data and predic-

tions using the model. The comparisons between Cooper and Bratton's model for

Frenchman FIl and PRISCILLA data assumed that the overpressure was known at the

range of interest. Thus, one must r-'edict the overpressure as a function uf range

to apply the prediction model in predicting ground motions at a given range from

a given yield explosion. Hence, an evaluation of the overall predictive capabili-

ties requires an assessment of the accuracy of theoretical predictions of both

airblast and ground motion phenomena. Brode's predictions (Reference IV-1.39) for

the peak pressure and impulse from a 700 ft height-of-burst, 37 kilotons event

overestimate the PRISCILLA data at the close-in ranges. For overpressures less

than about 200 psi, the PRISCILLA data and theoretical predictions are more con-

sistent; perhaps with the peak impulse data falling somewhat above the Lneory.

Figure IV-I.44 shows that near-sur'..ce ground motions are consistently less

than predicted on the basis of Brode's height-of-burst theoretical predictions of

the PRISCILLA airblast. In other words, first principle calculations, starting

with only the yield, height-of-burst, and Cooper and Rratton's estimates of the

soil properties for Frenchman Flat, would overestimate surface peak particle

velocities and displacements measured at a given range on PRISCILLA. The largest

portion of this discrepancy appears to result from the difference between predicted

and measured blast overpressure, rather than discrepancies between predicted and

measured ground mnotions once the blast overpressure boundary condition is known.

One should not generalize this observation from the comparison with PRISCILLA to
other cases because the source of the airblast discrepancy has not been evaluated

and therefore its reproducibility is nct known.
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Data on maximum vertical and horizontal displacement in the Pacific are

limited to five shots (Figure IV-l.35). The figure shows a large scatter in the

data, primarily due to the deviation of six individual points, which may be caused
by integration errors. This possibility is illustrated by the duplicate integra-

tion of accelerograms, for e>ample, PPG 2 (SRI) and PPG 2 (SC). Both sets of
integrations use the same IBM tabulation and the maximum velocities are within 10

percent of each other and hence are not shown separately in Figure IV-l.24. The

LACROSSE vertical displacements agree quite well. However, the displacements for

the two vertical accelerograms on PPG 2 differ by ratios of 5:1 and 10:1. This i

the result of slightly different baseline corrections in the data for the two

cases.

The most recent data on maximum displacements in the outrunning ground motion

region were obtained from HARDTACK-I. This was the first series of experiments
in which accelerometers were supplemented by long span vertical displacement

gauges and reed gauges at the same overpressure level. A comparison of the re-

sults of these three methods of determining maximum vertical displacements

eliminates, to some degree, uncertaintites due to integration errors. On the basis

of such a comparison Reference IV-l.27 gives maximum displacements of 2 to 2-1/2
inches for the largest detonation of the HARDTACK-I series. For the smaller yield

detonation, the displacements at the closest stations to the burst could only be
estimated within the range of 2 to 6 inches, and the displacements at the farthest

ground range could only be estimated within 1 to 1-1/2 inches. For both detona-
tions, the maximum horizontal displacements were estimated to be on the order of
2 to 6 inches. The data from HARDTACK-I are shown in Figure IV-l.45 along with

their respective uncertainties as stated in Reference IV-l.27. The range of

uncertainty in the horizontal displacement is encompassed by the dotted boxes in

that figure.

The data of Figure IV-l.45, with the exception of the data from PPG 4, appear

to be in general agreement although the scatter is quite large. Horizontal
displacements appear to be approximately equal to the vertical displacements and

the mean line through the data appears to follow an inverse square law attenua-

tion with ground range.

The scaled displacements on PPG 4 are noticeably lower than the remainder of

the data. In fact, at the closest station to ground zero, they are about 1/10

that which would be predicted on the basis of previously obtained data. This
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could be interpreted as a failure of the scaling criterion or due to the influence

of local geology since the overburden on both HARDTACK shots was only 8 to 10 ft

deeo. The influence of geology can be thought of in two ways. The shallow depth

of overburden underlain by the fairly incompressible water-saturated coral produces

a reflected wave which tends 'to cancel out the downward motion caused by the air-

blast (Figure IV-l.2a) in a manner identical to that previously discussed for

truncation of maximum displacements in the superseismic airblast region. The other

way of looking at it is to consider thac the average strain in the overburden

approached the locking strain for the medium and hence the overburden became

essentially incompressible after a very short time subsequent to shock arrival.

In any event, it is believed by the authors that the small scaled maximum displace-
ments on PPG 4 are due to a failure to scale the experiment, namely, to scale the

depth of overburden, rather than to any failure of the correlation scaling

criterion.

IV-l.5 CORRELATION OF MAXIMUM STRESS AND STRAIN DATA.

At the soil surface the vertical stress must equal the overpressure and

therefore the maximum vertical stress must equal the maximum overpressure. When

the airblast wave is highly superseismic, it can be shown that for an elastic

solid the maximum radial stress a (o) and the maximum tangential stress a,(o) at
r

the surface are related to the shock overpressure by the relation*

cr(°) _r0(°) v =K (IV-1.38)
APs APs 1 - v 0

where v is Poisson's ratio and K is the zero horizontal strain pressure coeffi-

cient or the earth pressure coefficient at rest (see Equation IV-I.25). K

(unsubscripted) is the bulk modulus.

*In general the stress and strain are tensorial quantities. The strain tensor is

related to the stress tensor according to (Reference IV-1.40)

8i9 a 6 +-( -
ik = 9K U£ik 2- ("ik - 3 zik)

where all subscripts i, k, k run from one to three, 6 ik is the stress tensor ele-

ment i, k, K is the bulk modulus, p is the shear modulus (Lam6 constant), and 6 ik

is the Kronecker delta.
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II
The relationship between vertical stress av ý:,d vertical strain E. for a

three-dimensional elastic solid if both the maximum stress and strain oýccur at

the same time is (Reference IV-I.26).

_ 1 _(IV- .39)I ~APs E APsl- v

where c is Young's motulus. If r + >o, then for a one-dimensional wave

propagation in an elastic solid

2 8v a v

pC - (IV-I.40)P APs APs

so that

(1 + v)(l - 2v) 2 v 2 <v (IV-I.41)

( -v) p AP< A p

and a+. the ground surface, the vertical stress must be equal to the overpressure

so that

2£(0)_
1 PC, v <_ 1 v) (IV-1.42)

P APs ( - N-2v

Us',ng the average value of v = 0.39 for Frenchman Flat (Reference IV-l.26) there

results

2.4 (0)<"1 2 Lv (vl.3
p Cp AP s __1(IV-I 43)
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If pC2 
E (O)/APs 1, then v must De zero which corresponds to a perfectly com-
pv

pressible solid and pC2 Ev(O)/APs = 0.5 corresponds to the average value of
v = 0.39 used above.

Figures IV-l.45 aind IV-147 show all data for maximum vertical strain and

stress, respectively taken from Reference IV-l.26. The correlations are con-

structed using the same modified scaled depth parameter used to correlate the

attenuation of maximum displacement and maximum velocity. The majority of the

observations were made on UPSHOT-KNOTHOLE, shots 1, 9, and In at overpressures

ranging from 15 to 36 psi, and on shot PRISCILLA at overpressures of 100 to 275

psi. Superimposed on the data are the correlations presented in References

IV-l.23 and IV-l.26. In constructing the prediction curve for strain from

Reference !V-1.23 the relation between stress and strain was chosen as the con-
fined compression modulus in accordance with the case of pC' e (0)/APs = 1.

p v

In both figures it can be observed that the scatter of data is quite large

and that the correlations recommended in Reference IV-l.26 result in more attenua-

tion of both stress and strain than the prediction methods recommended in

Reference IV-l.23. Both recommended prediction procedures are reasonably consist-

ent with the strain data of Figure IV-l.46. It might be argued that if as many

data existed at a scaled depth of 22 feet/ktl/I as exist at a scaled depth of 3

feet/kt"/', then the correlations would be in good agreement with the data.

The situation is somewhat different for maximum vertical stress. It would

seem from the data of Figure IV-l.47 that the attenuation of stress is actually

much greater than predicted. However, if one is influenced by the lower data of

Figure IV-l.47, a calculation of effective moduli (maximum stress divided by

maximum strain) leads to values which are exceedingly low. As pointed out in

Reference IV-l.26 the variation in vertical stress near the surface is, say at

2-feet/kt1/3 scaled depth, more or less indicative of the inherent errors in the

over-all method of stress measurements. These errors can be the result of (1)

mismatch in the soil and gauge impedance characteristics, and (2) disburbances

of the soil during planting and backfilling around the gauge. The first source

of error may be theoretically eliminated or at least made to be constant; the

second type of error represents an unknown quantity which may never be eliminated

from this measurement in its pr'esent form. It is probable that the attenuation

of stress will never be adequately described on an empirical basis and hence one

must rely upon theory to give information in this particular area. Since the daia
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themselves are suspect, empirical checks of theoretical descriptiols of the attenua-

tion of stress must rely upon comparison with other quantities such as velocity,

displacement, strain, Gr a combination ot these.

IV-I.6 PREDICTION OF GROUND MOTION WAVEFORMS

This section presents a discussion of vertical and horizontal displacement

waveforms in the superseismic region and vertical velocity waveforms in the out-

running region.

IV-l.6.1 Vertical and Horizontal Displacement Waveforms for Superseismic Airblast
Conditions

The subject of airblast-induced ground motion in layered, noneiastic media

is complex and Wilson and Sibley (Reference IV-l.42) developed a method for finding

maximum displacement That takes into account laboratcry measurements of the con-

fined compression modulus, but which neglects any ability of so-l to sustain shear
(negligible shear modulus). From laboratory studies, Wilsorn and Sibley concluded

that for values of stress due to overpressure loading (overstress) equal to or less

than the overburden stress, the soil behaves elastically. Moreover, they concluded

that it has a constrained modulus appreximately equal to that derived from labora-

tory vibration tests at the overburden pressure. As the ratio of overstress to

overburden pressure increases, it has been further concluded that the constrained

modulus decreases and attains a minimum value aL an overstress ratio between 3 and
5. This minimum modulus is approximately the same as the upper limit of modulus

definea by laboratory dynamic confined compression tests under fast loading condi-

tions. Consequently, the constrained modulus in the soil is presumed to vary with

depthi ever, though the medium may be otherwise homogeneous. The initial arrival of

the stress pulse travels at higher velocity (defined by the modulus from vibration

tests) than the velocity of the ,aximum stress wave (defined by the dynamic mod-

ulus). This results in an increase ini rise time of the stress pulse. Since the

analysis does not define the attenuation of maximum stress, this relationship is

obtained from Reference IV-l.23. The trailing portion of the stress pulse is

attanuated by the same factor. On the basis of constrained modulus determinations

and the nature of the soil, values of elastic vertical compression (the percentage

of elastic recovery) are assigned to the geologic profile. A range of 70 to 80%

elastic vertical compression is assigne!to overburden soils, the smaller values

are applied to weathered residual clays and loose granular soils and the larger

values applied to dense, competent, g¶'anular ;oils and to very still to hard clays.
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Where the permanent water table is encountered, the elastic vertical compression

is considered to be 100%. Between the above limits, values in elastic compression
vary in accordance with the overstress. For overstress ratios greater than unity,
the strain relaxes linearly from the strain defined by the maximum stress to that

defined by the percent elastic vertical compression.

With the dynamic stress-strain curve defined by the preceding rules, it is
then possible to compute the strain-time histories at a particular depth from the
stress-time histories. Vertical displacement-time history, d(t), is then obtained
by an integration of the strains according to the relationship

-7

d(t) = z(t)dz (IV-1.44)

where cz (t) is the time-dependent vertical strain, t is time, and z is the vertical

coordinate. The entire procedure is given in detail in Reference IV-1.22.

If the medium is considered to be bilinear so that a residual strain C
rr

remains after all loads have been removed, then

C= (I - r) %max (IV-I.45)r ML
ML

where r is the strain recovery .t-o and ML is the uniaxial loading modulus.
Integration of Equation IV-I.1 from infinity to the depth of interest gives the

total residual displacement or

z

dr J rd*Z (IV-l.46)dr f r

Co

By treating the depth in increments, the residual displacement in a particular

increment is (Reference IV-l.l)
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Ad (I - r) max (IV-I .47)
r L

ML

where r'lax is the average maximum vertical stress in the increment Az. The total

residual displacement at a particular point is computed by summing the residual

displacements in all underlying increments.

An approximate expression can also be used to calculate the peak vertical

displacements if the soil properties are not well defined and time histories are

not important (Reference IV-l.I). If the medium below a particular point can be

assumed to be reasonably uniform to a depth equal to the wavelength of the stress
wave in the medium, the maximum transient absolute displacement of the point con-

sidered is obtained from the airblast impulse as

dIx - (IV-1.48)

where I is the total airblast impulse.

Horizontal displacements are determined from computed vertical displacements

assuming that the displacement vector at any time is in the direction normal to

the compression wave (Figure IV-l.la). This assumption is only true at the wave-

front itself. This method, particularly the choice of moduli as a function of

overstress, was developed as a result of a comparison with displacement data

obtained from the PLUMBBOB Event. Although it is quite sophisticated in its treat-

ment of the role of soil properties, it may only be applicable Lo soils existing

at Frenchman Flat. The apparent weaknesses of this method are best described by

paraphrasing the conclusions of Reference IV-I.42:

0 The attenuation of stress pulses is obtained from a quasi-

static elastic solution for a homogeneous medium and hence is
subject to all the weakne .ses of that method of stress
prediction.

S Horizontal displacements aje predictea .,.om vertical displace-

ments by considering the local inclination of the normal to the
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compression wavefront to the local vertical. This is contrary

to both theory and observation. j

In addition, the effect on the propagating stress wave of the ,,a; in,

impedance of the medium has been neglected.

The displacement and particle velocity-time histories deveiop,.d us )g the

methods of Reference IV-1.42 are similar to those shown in Figure IV-1.48.

Particle velocity and acceleration are obtained by differentiation of the displace-.

ment-time history. These quantities are more accurately determined from the cor-

relations of Sections IV-I.2 and IV-l.3, respectively. The velocity pulse

characteristic time, Ti, of Figure IV-I.48 and the approximate ratio of maximum

rebound velocity to maximum downward velocity may be determined also from the

displacement-time calculations. The pulse duration is approximately equal to the

overpressure duration for small detonation yields over fairly homogeneous ground

media. For increasingly larger yields the velocity pulse duration does not

increase as rapidly as the overpressure duration. This occurs because of the

general increase with depth of the constrained modulus of the ground medium. The

resulting velocity pulse has been called a Type I pulse (Reference IV-1.43).

IV-1.6.2 Vertical Velocity Waveforms for Outrunning Ground Motion

For a particular geologic compositio., the larger the detonation yield, the

higher the overpressure at which outrunning ground motion is first observed
(Reference IV-I.21). Outrunning ground motion is first observed at Frenchman

Flat at overpressure levels of about 10 psi. At PPG, outrunning ground motion

commences at overpressure levels of several hundred psi. One of the better

examples of the deveopnient of the outrunning ground motion waveform is illustrated

by TUMBLER I data (Figure IV-1.49). For the station just preceding the four shown

in Fiqure IV-1.49, the vertical particle velocity waveform was definitely super-

seismic. The arrival of the airblast at the station is indicated by the letters

AB. Note that the waveform begins to depart from the essentially one-sided wave-

form associated with the superseismic airblast region almost immediately as out-

running begins and the waveform becomes more oscillatory as the ground range

increases. Also note that the direction of first motion is upward in contrast to

the downward motioh associated with the superseismic airblast region.

Asuming that the total outrunning ground motion waveform is the superposition

of a Type I waveform and an oscillatory Type II waveform, it is possible to

abstract from the datd a composite Type II vertical velocity waveform (Reference
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IV-1.43). The Type II waveform shown in Figure IV-l.50 is an average oF about one

dozen observations. The high frequency portions of the ground motion have been

filtered out. Any residual displacement of the Type II waveform has been arbi-

trarily taken as zero due to conflicting data on this point. The characteristic

time, T2 , does not appear to scale in the usual manner, that is, proportional to

the one-third power of the yield, but appears to be related to the difference

between the ground range and the ground range at which outrunning first occurs,

AR, in the following manner:

T2 (msec) 1 100 + AR (IV-.49)

where AR is in feet. Thus the dominant frequency of the Type II waveform decreases

as the ground range increases.

The phase. betweEn Type I and Type II waveforms and their relative amplitudes

may be determined once the detonation yields and the lithographic structure are

known (Reference WV-1,43). Simple superposition of the two waveforms, although

theoretically incorrect, is seen in Figure IV-l.51 to lead to a reasonable approxi-

mation of the complete outrunning ground motion waveform profile. The data shown

in this figure represent two extremes: the surface motion on TUMBLER I (1 kt), and

the motion at depth from the much larger yield of PPG 4.

IV-l.7 VERTICAL VELOCITY RESPONSE SPECTRA*

A summary of the response spectra calculated from accelerograms and measured

directly by reed gauges is contained in Reference IV-l.26. A presentation of some

of these data in dimensionless form is shown in Figure IV-l.52. Response spectra

were computed using 0.5% critical damping because this amount of damping was

ascribed to the reed gauges used for direct measurement oF response spectra at

NTS. Ground motions corresponding to these response spectra were in the super-

seismic airblast region and consequently the response spectra have the character-

istic shape associated with a one-sided pulse. Note that good correlation is

achieved at low frequency. At high frequencies, the spectra tend to disperse since

spectra magnitudes at high frequencies are determined by maximum accelerations.

*For background information on the calculation and the use of response spectra,
see Part V, Chapter V-4, or Reference IV-1.l.
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Also, since the maximum acceleration decreases faster with depth than maximum

particle velocity, the magnitude of the velocity respo~ise spectra at high frequency

exhibits the same dispersion.

Response spectra were computed for outrunning ground motion pulse shapes and

presented in Reference IV-l.43. In addition to five measured pulse shapes, a

parametric study 'ias been made of the response to 29 possible combinations of Type

I and Type II waveforms. A summary of these results is shown in Figure IV-1.53.

The upper curve is tl,.I envelope of the extremes of the 34 spectra. At low fre-

quency, the velocity response shown by the envelope and the average curve increases

with frequency at a rate greater than the first power of frequency. This is

characteristic of liultirle sided velocity pulses. Note that the maximum amplifica-

tion factor for the envelope is approximately 4 and for the average it is approxi-

mately 2 compared with the much lower values of 1.5 and 1.25, respectively, for

the superseismic airblast ground motions of Figure IV-l.52.

IV-1.8 GROUND MOTION FROM SURFACE AND NEAR-SURFACE HIGH EXPLOSIV_ DETONATIONS

We begin with an overview of ground motion experiments with high explosives

(HE) covering a period from the beginning of 1972 to the end of 1975. It does not

list all reports dealing with the subject over the stated period as that would make

this section rather voluminous. The material is presented in the form of abstracts

derived from the references listed. The reader is urged to consult that list of

references for specific information. This section is only intended to provide the

interested readers with a place to start their search. For those interested in

acquiring an understanding of the physical development and the chemical processes

of an HE detonation, the physics and chemistry of detonations and their computa-

tions, they should consult Reference IV-l.44.

IV-l.8.1 Overview of High Explosive Experiments

Joachim, in January 1972 (Reference IV-1.45) reported on two events of the

MINE SHAFT Series. This series provided free-field ground motion data from high-

explosive detonation-rne- the surface of hard rock. The first experiments in this
series, MINE UNDER 141&i1NE iARE, were 100-ton spherically shaped TNT charges

detonated at heights -f burst of 2 and 0.9 charge radii above the surface, respec-

tively. For the MINE UNDER Event, 88 data channels were installed at ranges vary-

ing from 39 to 400 feet A, at nominal depths between 2 and 18 feet. For the MINE

ORE Event, 108 channels were installed at ranges varying from 28 to 125 feet. In

addition, near-surface (depth of 2 feet) vertical gauges installed for the MINE
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UNDER Event were used for recording data during the MINE ORE detonation. Measure-

ments included acceleration, velocity, and rock strain. The MINE UNDER and MINE

ORE peak downward acceleration data can be directly correlated to peak airblast
overpressure. Accurate integrated accelerations were obtained during the high.-
frequency airblast-induced shock, but poor accuracy was noted during the low-

acceleration cratering-.induced motions which followed. Velocity measurements are
poor for the high-frequency portion of the time history and very good for the low-

acceleration cratering-induced motion portion of the time history. The effect of
jointing is indicated by a comparison of the peak upward velocity measurements
between two perpendicular MINE ORE gauge lines. It is believed that differences

are related to hor joxnting near the surface where the lack of upward con-
finement allows mt :oLd in the jointed material. A similar difference in the

horizontal direction 0, •yt noteo.

Murrell, in Apr, 1972 (Refer'ence IV-I.46), reported on the far-out ground

motion 0 the MINERAL R0#* Event of the MINE SHAFT Series. The objectives of this
er'periment were to measIure all ground motions in the outrunning region. The MINERAL

ROCK Event was a duplication of, the MINE ORE Event of the same series, and con-

sisced of a 100-ton sphere of TNT placed with the center of gravity 0.9 charge
radius (aiout 7., feet) above the ground surface. Accelerometers and velocity

gauges were installed from 200 to 500 feet from ground zero at depths of 2, 10,
and 18 Weet. Time histories of all successfully recorded gauges are presented in
an appendix of that report along with integrals of each record. The outrunning
Tcceleration data were partially obscured by cable noise. This noise was induced

by blast overpressure and unfortunately was present during the significant part of

the onset of outrunning motion, that is, before airblast arrival at the gauge loca-
tions. Although these data are limited, Murrell discusses them together with the

outrunning velocity data. Airblast-induced motions are treated in some detail.
Vertical airblast-induced accelerations were •Jund to attenuate rapidly with
distance and depth from the maximum downward acceleration of 32 g's at the 200-foot

range and 2-foot depth. These accelerations were correlated with overpressure,

and, for the depth of 2 feet, acceleration-to-overpressure ratios averaged 0.2
g/psi, which is considerably less than for a similar detonation over soil. Vertical
particle velocities also attenuated with distance and depth from the maxiomum value

of 1.3 ft/sec at the 200-foot range and a depth of 2 feet. Horizontal velocities

followed much the same pattern, with a peak value of 2 ft/sec at the same location.

Outrunning motion was noted on all horizontal velocity gauge records. For the
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vertical component, outrunning motion was not apparent at the 250-foot range, but

was of significant magnitude at the 500-foot range. Vertical downward displace-

ments of a high confidence level were limited to the 250-foot range and were found

to be 0.0060 to 0.0075 foot. Horizontal displacements were successfully computed

from acceleration and velocity records, and at the 250-foot range were three to

four times as large as the vertical displacements.

Reference IV-l.47 describes some of the tests conducted under the MIDDLE

NORTH Series. MIXED COMPANY was the third HE TNT blast and shock experiment

of this series. The primary objectives of this test, which was conducted near the

Glade Park area in western Colorado, was to obtain ground motion data in layered

medium (silty sand over sandstone). Three shots were fired: one 20-ton shot on

1 June 1972, one 20-ton shot on 13 July 1972 and one 500-ton shot on 13 November

1972. The MIDDLE GUST Series was also part of the MIDDLE NORTH program Its

primary purpose was to obtain ground motion data from a clay-over-shale environ-

ment for use in empirical predictions and for evaluation of computer prediction

techniques. The MIDDLE GUST Series, conducted between 16 September 1971 and 10

August 1972, consisted of two 20-ton and three 100-ton shots of various configura-
tions. These tests were conductC' near Ordv:ay in souitheastern Colorado. A profu-

sion of test data obtained during the MIDDLE GUST Series is documented in Reference

IV-l.48. This reference presents an analysis of the airblast and ground motion

data. The explosive yields and heights of burst chosen for the MIDDLE 3UST Series

were selected to provide direct experimental comparison with previous cratering and

ground motion experiments conducted in different geologic media. The MIDDLE GUST

data and data from similar previous events are compiled and evaluated with respect

to the influence of the degree of water saturation and geologic layering on the

resulting ground motions and stress fields.

Also in May 1973, Murrell (Reference IV-l,49) published a report dealing with

some ground motion measurements during the DIAL PAC:,( Event, Project LN305. The

objective of this project was to measure and analyze ground shock in the outrunn-

ing region produced by a 500-ton detonation at the surface. Motions and stres3es

were measured at a ground range of 645 and 840 feet and at depths of 1.5, 5, 10,

and 20 feet. Thirty-one of thirty-two gauges produc,- good records of time

histories and frequency response spectra. Peak outrunning accelerations and

velocities showed little attenuation over the instrumented range. The vertical

peaks did not show any consistent relationship with depth, but the horizontal
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motions increased with depth. Since the deeper gauges were close to the refractive

layer, the motions emanating from this layer were stronger at depth. Vertical ac-

celerations were greater than horizontal accelerations by a factor of 4, and verti-

cal velocities showed a tenfold increase over horizontal velocities. Similar

patterns of attenuation were noted for the displacements. Due to additive effects

of the airblast-induced motion, horizonttal displacements were greater than vertical

displacements by a factor of 1.9. Airblast-induced accelerations and velocities

were compared with the outrunning motions and were found to be dominant at the

depths of 1.5 and 5 feet. At the depths of 10 and 20 feet, accelerations and

velocities from the two sources were about equal.

In April 1974, Murrell also published a report dealing with measurements

carried out during the DIAL PACK Event, Project LN302 (Reference IV-l.50). The

objectives of this project were to measure and to analyze the earth motions and

stresses produced by the DIAL PACK 500-ton TNT detonation. Particle acceleration,

particle velocity, and soil stress gauges were installed to measure the ground

motions and stresses in the 1,500- to 50-psi predicted airblast overpressure region

(83 to 540 feet from ground zero) at depths below the ground surface of 1.5 to 30
feet. Ground shock arrival time data indicated the occurrence of outrunning ground

motion at the ground surface at a distance of about 600 feet from ground zero, or

the 35-psi overpressure level. Peak vertical particle accelerations varied from

1,400 g's near ground zero to 8 g's at the extremes of the instrumented region,

attenuating sharply with both distance and depth. An equation was dc-veloped to

describe the peak acceleration as a function of both pressure and depth. Downward

vertical particle velocities varied from 72 to 0.88 ft/sec over the area instru-

mented, also attenuating rapidly with distance and depth. An equation similar

to that for acceleration was developed to express velocity as a function of

pressure and depth. The downward velocity pulse was followed by an upward motion

of generally longer duration and, except at the lesser ranges and 5- and 10-foot
depths, lesser magnitude. Peak horizontal particle velocities varied from about

20 to 0.35 ft/sec over' the range instrumented, attenuating as the -2.1 power of

distance. These did not vary with depth. Both horizontal and vertical displace-

ments were calculated froim measured velocities. Maxin~um transient displacements

were 20 feet upward and 20 feet outward at the 83-foot range and 1.5-foot depth.

The upward displacement attenuated more rapidly than the outward displacement with

distance, so that at 540 feet it was only about one-half of the outward displace-
ment..
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In January 1975, Ferritto and Forrest published a document presenting data
from four instrumented 1,000-pound spherical TNT shots detonated at the Pacific
Proving Ground as part of the Pacific Cratering Experiments (PACE) (Reference
IV-l.51). In two tests the charge was tangent to and above the ground, and in
two tests the charge was half-buried in the ground. A discussion of the site

properties is presented in their report. There is a discussion of the ground

motion data accompanied by graphs and scaling laws. The data are compared with
previous nuclear test data and with Event MIDDLE GUST data. A supplement to
this reference contains the data plots for all the shots.

IV-l.8.2 Near-Surface Motions from Surface Detonations on Hard Rock

The content of this section was taken from Reference IV-l.6. Predictions
for near-surface ground motions from nuclear surface bursts must be derived by
some means other than direct empiricism because there have been no nuclear surface
bursts on hard rock. First principle calculations of the surFace-bur'it problem

provide some insight into the basic phenomena, but until these prediction pro-
cedures are validated only low confidence can be placed in their qcantitative
results. Therefore, Cooper suggests that we are well advised to also consider
experimental data in deriving quantitative criteria. This section discusses near-
surface ground motion data from two high-explosive experiments in hard rock and
suggests some generalizations that might be applied to estimate the near-surface
ground motions from a nuclear contact burst.

We will consider some of the ground motion data from MINERAL ROCK and MINE
ORE, two 100 ton high-explosive experiments conducted in the Three Peaks area of
southwestern Utah, approximately 10 miles northwest of Cedar City (References
IV-l.45, IV-l.46, IV-l.52, IV.l.53). The ground zeros were at about 590U ft
elevation on an iron-rich quartz monzonite intrusion covered with a veneer of
sandy silt and sonlewhat weathered rock. The rock is classified as tonolite, and
results of laboratory analysis give a specific gravity of 2.6, a compression wave
velocity of 13,000 ft/ses, a shear wave velocity of 7500 Ft/sec, a porosity of 5

percent which is relatively high compared '-) hard rock such as granite, dolomite,

et;., and non-linear stress-strain behavior.

Both experiments used 100 ton spnerical TNT charges, detonated at 0.9 charge

radius height-of-burst as indicated in Figure IV-l.54. Ihis test geometry was

chosen 0o approximate the partitioning of energy between the airblast-induced and

direct-ind'iced ground shock expected from a high-yield nuclear contact burst.
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As shown in Figure IV-1.54, ground motion measurements by means of acceleration

and velocity sensing gauges were made along two radial lines at depths of 2, 18,

and 36 ft.

To use these data in predicting ground motions from a nuclear contact burst,

some scaling procedure must be adopted. Cooper (Reference IV-I.6) assumed that the

;ube-root of the crater volume is a characteristic length that can be used to cor-

relate the close-in, near-surface direct-induced groutid motions from both high-

explosive and nuclear cratering bursts. By close-in is meant ground ranges less

than about 7.5 V'/3 where V is the apparent crater volume, Such a geometrical

scaling avoids arguments over the differences between nuclear and high-explosive

sources by hypothesizing that the direct-induced ground motions con be directly

correlated with tiie size of the crater in both cases. In other words, it is

hypothesized that whatever physical phenomenon causes a large crater aiso causes

correspondingly larger close-in gro'rnd motions independent of details of the

explosive source. An estimate of the crater volume from a megaton surface burst

on hard rock is required to apply these scaling procedures. He then assfimed that

the cratering efficiency of a nuclear contact burst or hard rock is 3 X ;07 f+3 /mt

and that the c-aterradius and depth are given by 1.2 V1/3 and 0.5 V1/".

As indicated in Figure IV-1.55, the gauge depths on MINERAL ROCK and MINE

ORE correspond to approximately 0.1 V'/3, '1/3, and 2 V/3 mN

Figure IV-1.56 shows arrival time contours computed from the MINERAL ROCK

and MINE ORE data. These results indicate that outrunning ground motions began

at a range of about 90 ft (R/Vlf3 - 4.5) and a peak overpressure of about 700 psi.
Outrunning ground molions would be expected closer-in for hard rock, at ranges I
consistent with a few thousand psi. However, because the direct-induced ground

motivns are thought to dominate the close-in ground response, relatively small

variations in the ground range to where outrunning begins is not expected to affect

the main qualitative features of the ground motions for ranges less than about.

7.5 V 1/ý.

The attenuation of near-surface peak hr,rizontal and vertical particle velo- f

city with ranage isi indicated in Figure IV-1.57. As sugg)ested by the boundary lites, ,

the pea.k particle velocity at-tenuates approximately as (R/V1/3)". Figure IV-l.57

alsu shows that the horizontal I1eak pircicle velocity tends to be about twice the

vertical peak particle velocity.
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R - ft.

0 500 0 1500 2000 2500 3000
0 i I

RADIUS 650 ft.
DEPTH 260 ft.

50; VOLUME 1.5 X 108 ft 3
4-- 500 '

1000

a. GEOMETRY FqR 5 MT

R/V ./3

APPROXIMATE GAUGE
D.V/3 LOCATIONS ON

1H MINE ORE AND
Sx x x x MINERAL ROCK

b. SCALED GEOMETRf USING V'/' AS A
CHARACTERISTIC LENGTH

Figure IV-1.55. Geometrical scale for a 5 mt contact burst on
hard rock compared with MINE ORE/MINERAL R3CK
experimental geometry.

:t IV-l-120



C~C)

I-L

00

Li4j

000

0 4-Li-

L)U

CJ)

LLL.

'-.4 <I

II

21-



+~ C'

:z~ >

4*(0 S.-

0 to 0

- x 0

w0

C, sdj. AA

4- 0

++ a

S- E

++ +

0 F-

- 0

sdj H

LLI

I V-1 -1 22



Figure IV-I.58 shows the correlation of vertical and horizontal peak particle

displacements from MINERAL ROCK and MINE ORE compared to a best estimate line

obtained from correlating the near-surface peak displacements from above-surface

high explosive cratering experiments in several soil and rock "uniform" geologies.

Beyond a range of about 6 V1/3, the near-surface ground motions become increasingly

oscillatory and the attenuation of peak displacements becomes less rapid than R-3

Figures IV-l.59 and IV-l.60 compare the peak particle velocity data at

Z/V'/3 1 and Z/V1/3 2 with two lines that bound the data from the shallow

gauges. It appears that the peak horizontal particle velocity does not attenuate

appreciably for 0 < Z/V1/1 < 1, but dces decrease by almost a factor of two between

Z/V// 1 and Z/V1 /i -- 2. On the other hand, the peak vercical particle velocity

decreases by almost a factor of two between the surface and Z/V1/3 -- 1, and by
another factor of almost two between Z/V-/3 1 and Z/V'/ 2. It should be noted

that the data at Z/V1 / 3 - 2 are really too sparse to define an attenuation rate.

Based on geometrical considerations, one might expect 'hat the attenuation rates

(as a function of R/V'/! for a fixed Z/V1/3) would decrease with incredsif(g depth

and increasing range. However, the data scatter at Z/V•/ 3 -V 1 is too great to

suggest an attenuation rate different from the near-surface data. In any case,

within the range of these data (2 < R/V1/3 < 6), the peak horizontal and vertical

particle velocities in ft/sec may be estimated by

VH = 150 (V1/3/R)2
Z/v~i3 0;

V 100 (VI/3/R)2

VH -•150 (V1I3IR)2 Z''/

Vv 50 (V1/3/R)2

VH 80 (Vi/3/R)2 Z/V1/3 2
Vv 30 tV1/3 /R)2 (IV-l.50)
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These expressions represent best estimates to the peak particle velocity data from

MINERAL ROCK and MINE ORE. To obtain upper and lower bound estimates, they should
be multiplied or divided by about 2.

Figure IV-l.61 shows that the peak vertical particle displacement decreases

to about one-half the surface value at Z/V' 13  1 while the peak horizontal dis-

placements at that depth do not appear to differ appreciably from the surface

values. Figure IV-l.62 snows that the peak vertical and horizontal displacements
decrease by a factor of about two between Z/VX/3 1- and Z/V/3- 2. Based on

these results, Cooper's best estimates of the peak displacements for

2 •R/V'/3 <6 are (Reference IV-l.6):

dh dv 0.45 V'/'R-1 for Z/V1/3 0

dH 0.45 V4/3R-3

for Z/V1/ 3  1dv =0.2V4/ R-3

dH -•0.2 V"/3R-

for Z/V-/3 2

d 0.1 V4/ R- fo (IV-I.51)

Estimates of the upper and lower bounds can be obtained by multiplying and divid-

ing by a factor of about 2.

Equations IV-1.50 and IV-1.51 summarize the peak particle velocity and dis-

placement data from MINERAL ROCK and MINE ORE. It should be understood that the

inverse square and inverse cube attenuation rates assigned in these formulae are

not least-square fits to the data. Rather, they were assumed as reasonable
"eyeball" representations. In Coorver's opinion, the quality of the experimental

data does not justify a more rigorous statistical treatment.

The tonalite in which the MINERAL ROCK and MINE ORE experiments were con-

ducted is not really a hard rock. As indicated earlier, it has a porosity of
about 5 percent and a seismic compressional wave speed of about 12,000 - 13,000

ft/sec. Therefore, it is expected that the peak particle velocities measured on
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MINERAL ROCK and MINE ORE were somewhat less than would occur if the experiments

had been conducted on a harder rock. If we assume that the seismic velocity of a

hard rock is 18,000 ft/sec and increase the peak particle velocity amplitudes by

the ratio of seismic velocities (Rei'e-ences IV-1.54 and IV-1.55), we would have

for "hard rock":

vH 225 (V1/3/R)2

vv - 150 (V1/3/R)2

vH 225 (V1/3/R)2
Z/V1/3 -I1

v V 75 (V0/3/R)2

vH 120 (V1/3/R)2

vv 45 (V1/31'3)2 Z/V1/ (IV-1.52)

These equations will be assumed to provide reasonable estimates of the peak particle

velocities in hdrd rcck for 2 < R/V'/3 < 6. The peak particle displacements given

by Equation IV-1.51 are assumed to be appropriate for the near-surface displace-

ments in hard rock.

Cooper then attempted to synthesize these formulae with those developed for

the ground motion from nuclear detonations on hard rock below the surface. For -the

ground motions directly below the burst point, the best-estimatc peak particle

velocities and displacements was derived as

vz =24 W2/3 Z 2

mt kft;

dz =0.25 W5/6 Z-1/2
mt kft (IV-l.53)
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where Zkft is the depth below ground zero in kft, w is the yield in nit and where v.

is in ft/sec and dz is in ft. Assuming that the cratering efficiency of a con act

burst on hard rock is V/Wt = 3 X 18? ft 3/mt there results

vz- 250 (V'/'/Z)l

d_/VI/3• •004 (Vl/3/Z)3/2 (Vl•) '

(IV-l.54)

where vz is in ft/sec. Some interes';ing comparisons were thcn made by Cooper

between these estimates of peak ground ,rotions 6clow grcound zero and those along

the earth's surface, The peak particle velocities are estimated to attenuate as

th.e inverse square of the disTance from ground zero in both cases, 'ut the

square of the distance frum ground zero in both cases, but the close-in peak

displacements below the burst point are estmated to attenuate much less rapidly

with increasing depth tkan do the near-surface displacements with increasing vange

from ground zero. The close-in peak particle velocities below the burst point are

estimated to be comparable to the near-surface peak particle velocities at the

same range from ground zero. For example, at a depth of Z/V'/ 3 = 3, Equation

IV-l.34 gives a peak particle velocity of about 28 ft/sec, correspondinig to a peak

stress of about 1 kilcbar. On the earth's surface at a range of R/V-/3 3,

Equation IV-I.52 give vH = 25 ft/sec and vV = 17 ft/sec. On the other hand, these

formulae suggest that close-in peak displacements below ground zero are signifi-

cantly less than the near-surface peak displacemetits at a comparable scaled range.

At ZIV1/3 = 3, Equation IV-I.54 gives d-/V'/ 0.0009, but Equation IV-I.51 gives

dH/V i/3 = d /V'/- 0.017, that is, over an order of magnitude greater displacement
H V

at the earth's surface.

Figure IV'-1.64 presents scme results of a rather loose synthesis of the

MINERAL ROCK and MINE ORE data with the .analysis in Reference IV-I.6. Contour-s

of constant peak particle velocity and displacement were derived by interpolating

(with a fair amount of liberty) Equations IVD-.51, IV-I.52, and IV-1.54. It was

assumed that vertical and horizontal peaks occurrrA simultaneously in which case

equations such as jvj -i [(225)2 + (150)2]1/2(V1/3i/R)2 270 (V1/3/R)2 for Z/V'/= 0

can De developed. As suggested above, the estimated contours of constant peak
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Figure IV-1.63. Estimated peak particle velocity and
disolacement contours.
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particle velocit', are almost hemispherical. On the other hand, the estimated peak

displacement contours are rather peculiarly shaped, suqgesting much larger near-

surfc'ce displacements than at depth beneath ground zero. This estimate for the
nuclear case is somewhat inconsistent with permanent displacement contours measured

on MWNERAL ROCK where displacements below the burst point were more comparable to

surface values at a given range. As stated previously, the displacement equivalent

yield obtained from the cavity experiment may be somewhat low oecause the influence

of the joints ou, the late-time motions may not have been properly modeled. These

estimated contours of peak particle velo'ity and displacement are very speculative

because of the sparsity of data at depth, because of the uncertainty in predicting

the crater volume from surface bursts on hard rock, and because of the uuproven

assumption that one can so simply combine the analysis for nuclear explosions
(Reference IV-1.6) with the analysis of high-explosive data. Furthermore, some

apparent inconsistencies were ignored in plotting these data; for example, some

MINERAL ROCK data suggest the displacement at Z/V-/3 -2 (and 2 ý R/VI/3 < 6) are

greater than those suggested by the analysis of ground motion from nuclear detona-

tions below ground in hard rock at the same depth below ground zero. In this case,

the on-axis displacement from nuclear data was connected with a monothonically vary-

ing smooth line to the appropriate displacement along Z/V1/3 - 1. Cooper suggests
thlat further study is required to resolve the app~arent inconsiste2ncies.

IV-I.8.3 Near Surface Motions from Surface Detonations on Layered Media

In this section we briefly mention some of the ground motion data obtained

from high explosive detonations over layered media.

The most extensively instrumented test series to date are MIDDLE GUST.

PRAIRIE FLAT and MIXED COMPANY also contained redundant measurements. It should

be recalled that the PRAIRIE FLAT, DISTANT PLAIN 6, and DIAL PACK Events were

executed at the Canadian test raiige on a bed of laye-ed clay on sandy loam.

Figure IV-1.64 shows a comparison of peak velocity data for the 500-ton PRAIRIE

FLAT Event (References IV-1.56 and IV-1.57). Both the airblast-induced (AI) and

the initial pcaks following the direct-induced (DI) arrival are shown. The figure

compares integratcd accelerometer data with velocity gauge data for measurements

in close proximity to one another. The comparison is also made bptween the

Waterways Experiment Station (WES) and the Stanford Research Institute (SRI)

measurements for azimuths that are 120 degrees apart. Thece data show that

the accelerometer results are about 20 percent higher than the velocity gauge
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results and the majority of the WES and SRI data are within 30 percent of each

other (Reference IV-l,58).

The MIXKED COMPANY III Event consisted of the detonation of a 500-ton TNT charge,

spherical in shap-e, placed tangent above the ground surface. The geology consisted

of ;andstone overlayed by 5.5 feet of soil, The detonation took place at Grand

Junction, Colorado. the MIDDLE GUST III aid IV Events were 100-ton TNT charges,

spherical in shape, placed tangent above the ground surface. These charges were

detonated over a layered medium near Crowley, Colorado. The medium over which

MIDDLE GUST III was detonated consisted of shale with a 9-foot thick overburden of

clay and a water table that came within 4 feet of the ground surface. This site

is referred to in the literature as the "wet" site. MiIDDLE GUST IV was detonated

over a medium consisting of shale overlayed by 2 feet of clay and not water. This

is referred to in the literature as the "dry" site.

Figure IV-1.65 shows the peak near-surface air slzp vertical acceleration

and velocity for high explosive events at the Defence Research Establishment

Suffield (DRES), formerly known as the Suffield Experimental Station (Reference

IV-I.2). It is generally possible to separate the air slap near-surface peak verti-

cal acceleration and velocity from the rest of the data, with a primary exception

occurring when the air slap and refracted wave effects arrive at a point at about

the same time. The scatter of the acceleration data is on the same order for

Sindividual events as for all DRES events. The 500-ton PRAIRIE FLAT and DIAL PACK

Events tend to have higher velocities at the 1.5-ft depth than the other events

which have lower yields of 20 or 100 tons. The scatter of the velocity data is

slightly larger than for acceleration data, probably because of the higher yield

sensitivity of peak velocity. However, both sets of data essentially fall within

bands about a factor of five apart. The root-mean-square of these bands, given

by the following expressions, reasonably represent the data (Reference IV-I.58):

a= 950 g's lO00 p-i) (Iv-1.55)
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vV 540 ips 000 psi (TV-1 .56)

The near-surface peak vertical acceleration and velocity data for MIXED

COMPANY 3 and MIDDLE GUST III and IV are shown in Figure IV-l.66 (Reference

IV-I.2) and compared with the DRES data band. Between 10 and 300 psi, the MIDDLE

GUST data are within the DRES scatter bands but tend to he lower at higher pressure.

For MIXED COMPANY, all the data are within the DRES bands. Thus the near-surface

material for these high explosive test sites apparently does not have significant

impedance differences for stress levels at least up to 300 psi.

The air slap ground shock parameters recommended by Lipner, et. al. (Reference

IV-l.58) for dry soil, wet soil, and soft and hard rock are summarized in Tables
IV-l.4 through IV-I.7, respectively. According to Lipner, et. al., these relations

give the best estimate peak values for displacements, velocities, accelerations,

and stresses, including scaling with yield, overpressure, and depth. Additionally,

2c uncertainty factors are also shown.

The accuracy of horizontal air slap velocity measurements is not as good as

the vertical -esponse since the direct shear wave which follows the compressional

wave causes an inward component resulting in a short pulse width (higher frequency)

response. For a low value of Poisson's ratio, the shear wave component is quite

large and the elastic solution produces inward displacements. This type of

response has been observed in test events such as MINERAL ROCK, where the medium

has a high shear strength and modulus (Reference IV-1.58). The near-s'irface peak

air-slap-induced horizontal velocity for high explosive test events is shown in

Figure IV-1.67. The expression P/pU is somewhat on the high side of the data for

sites other than Cedar City. Velocity attenuation caused by the compaction

hysteresis of soft material near the surface would be expected at the 1.5-foot

depth for the very low yield airblast loading. The data for the Cedar City eve:its

are for the transition region and are above the P/pU curve. The symbol fa is the

integral of th, acceleration. Figure IV-I.68 shows a comparison of crater-induced

peak particie velocities from surface tangent high explosive events in Cedar City

tonolite and DRES silt.

For surface burst conditions, the close-in near-surface vertical response

consists of downward motion brought about by the air slap and followed by the
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Table IV-1.4. Surface burst dry soil peak air slap
parameters (Reference IV-1.58).

Environment / /Reference )A ( PeB e -
Value \ Value 1 ) e [i

SCALING FACTORS* 2a
ENVIRONMENT REFERENCE Lo UNCERTAINTY

PARAMETER VALUE A B (ft) FACTOR**

dv (in) 42 (1) 2/3 150 2.5

dH (in) 7 (1) 1/3 500 3.0
}H

vV (ips) 540 0 1 (2) 2.5

vH (ips) 80 0 0.6 00 2.5

aV (g's) 2800 0 1 (3) 3.0

aH (g's) 400 0 0.6 (3) 3.5
IH

o (psi) 1000 0 1 2.0

CH (psi) 350 0 0.8 oo 3.0

*Scaling Range: 20 kt - W 50 nit

10 psi - P 5000 psi
z-< 50 ft

I P

(1) A = 000 psi

1-/4 1/12
(2) L0  50 ft (I000 p

(3) avVH g's/ips, z > 0

"**When ranges of values are given, the uncertainties are largest for
the lower overpressure, outrunning region; and smallest for the
high overpressure, superseismic region.
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Table IV-1.5. Surface burst wet soil peak air slap pirameters
(Reference IV-1.58).

Environment (Reference W p B exp[--
Value Value 1 !000 psi

SLALING FACTORS* 2cr

ENVIRONMENT REFERENCE A B 0 UNCERTAINTY
PARAMETER VALUE (ft) FACTOR**

dV (in) 12 (1) 2/3 250 2.5

dH (in) 15 (1) 2/3 3.0

V (ips) 160 0 1 250 2.5

VH (ips) 60 0 0.6 00 2.5

av (g's) 830 0 1 (2) 3.0{V

aH (g's) 420 0 0.6 (2) 3.5

av (psi) 1000 0 1 2.0

aH (psi) 1000 0 1 2.0

*Scaling Range: 20 kt - W -• 50 mt
10 psi _< P _< 5000 psi

z -< 50 ft

(1) A = 0

5Vv,

(2) aV'H 1 VV g's/ips, z > 0

**When ranges of values are given, the uncertainties are largest for
the 'lower overpressure, outrunning region; and smallest for the
high overpressure, superseismic region.
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Table IV-1.6. Surface burst soft rock peak air slap
parameters (Reference IV-1.58),

Environment (Reference WA P eB

Value Value I \ 1-mt \1000 psi! p

SCALING FACTORS* 2y

ENVIRONMENT REFERENCE L0 UNCERTAINTY

PARAMETER VALUE A B (ft) FACTOR**

dv (in) 4 1/3 0.4 400 2.5

dH (in) 4 1/3 0.4 400 3.0

vV (ips) 65 0 1 600 2.5

VH (ips) 40 0 0.6 + 2.5 to 3.5

av (g's) 330 0 1 30 3.0

aH (g's) 330 0 1 30 3.5 to 4.5

OV (psi) 1000 0 1 2.0

aH (psi) 1000 0 1 3.0 to 4.0

*Scaling Range: 20 kt • W 50 mt v= v for P < 300 psi
10 psi P n-:5000 psi

z -< 50 ft

"**When ranges of values are given, the uncertainties are largest for
the lower overpressure, outrunning region; and smallest for the
high overpressure, superseismic region.
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Table IV-1.7. Surface burst hard rock peak air slap
paraiieters (Reference IV-1.58).

Environment~ Refenc \W A epBFz
Value (Value e (T.t-) 1000 psio ) exp L0

SCALING FACTORS* 2a
ENV IRONMENT REFERENCE LO UNCERTAINTY

PARAMETER VALUE A B (ft) FACTOR**

dV (in) 1.3 1/3 0.4 2.5
dH (in) 1.3 1/3 0.4 0 3.0

iH

"vv (ips) 23 0 1 2.5

vH (ips) 30 0 1 2.5 to 3.5

aV (W's) 120 0 1 60 3.0

a (g's) 120 0 1 60 3.5 to 4.5
aH[

av (psi) 1000 0 1 2.0 2

YH (psi) 1000 0 1 3.0 to 4.0

*Scaling Range: 20 kt - W - 50 mt
20 psi - P - 5000 psi

z - 50 ft

** When ranges of values ere given, the uncertainties are largest
for the lower overpressure, outrunning region; and smallest for
the high overpressure, superseismic region.
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upward motions associated with direct induced and crater induced effects. Figure

IV-I.69 (Reference IV-l.2) shows a comparison between vertical and horizontal

scaled displacement data for DRES and Cedar City high explosive events, where close-
in the crater-related effects dominate the response. The Cooper crater volume
scaled peak horizontal di3placement data are on the high side of the equation for

the solid line in Figure IV-I.69. The vertical and horizontal peak displacements
are approximately equal, with both data sets being essentially within scatter bands

a factor of ten apart. Analysis of nuclear data, by Cooper, for above-surface
bursts in the PPG shows much scatter in limited data, but the trend is consistent

with horizontal and vertical displacements being equal.

Figure IV-I.70 shows the vertical and horizontal scaled displacements for the
two 100-ton MIDDLE GUST (III and IV) and the 500-ton MIXED COMPANY surface tangent

high explosive Events. Also shown, for comparison, are the scatter bands for the

DRES and Cedar City data. These horizontal displacement data on the average agree
with the prediction equation; however, a marked geology dependence is shown. The

scaled displacements for MIXED COMPANY 3 (dry hard sandstone overlayed with soil)

are the largest, with the MIDDLE GUST dry clay/shale site having nominal values and
the MIDDLE GUST wet clay/shale site having the smallest values. The peak vertical

displacements are about a factor of two lower than the horizontal with the same

geological separation.

The MIDDLE GUST and MIXED COMPANY Events are the first signifirart tests in

medium with strong near-surface -impedance mismatches. Since many strategic sites
of interest have strong layering features at comparable scaled depths, it is
important to better define the effects of layering on ground shock response.
Possibly geological correction factors to crater volume scaling could be

determined.

Scaled displacemc•nt data for five of the eight 1000-lb ca'libration shots fired

at various depths in the MIDDLE GUST wet site are shown in Figure IV-1.71. Sur-
face tangent and half-buried conditions were obtained by excavating down to the

depths of interest. The site is not as strongly layered, in a scaled sense. for

these smaller high explosive charges; and data for the surface tangent events ire

slightly lower than, but in reasonable agreement with, the prediction equation.

However, the half-buried event data are high compared with the prediction equation.

Actually, the calibration data do not exhibit a difference in crater volume scal-

ing between half-buried and surface tangent events (References IV-I.2 and 1.58).
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Test events generally have data for gauges from various depths. However,

dimensional scaling considerations indicate that if the response is a function of

depth, then it is more appropriate (for at least nearly homogeneous sites) to

compare data from similar scaled depths. Figure IV-I.72 (Reference IV-I.59) shows

that when DRES data for only the top 0.1 V1/3 are considered, then the scatter

aboat the best fit line is considerably reduced. Figures IV-I.73 and IV-I.74 show
these data for MIDDLE GUST IV and MIDDLE GUST III, respectively.

The vertical and horizontal near-surface (<0.1 V'i/) velocity data for sur-

face tangent events at DRES are shown in Figure IV-I.75 (Reference IV-I.2), plotted

against scaled range. No trend separates the 500-ton PRAIRIE FLAT and DIAL PACK

data from the 100-ton DISTANT PLAIN 6 data. In addition, vertical velocities are

about a factor of two higher than the horizontal velocities. This difference is

possible due to the fact that the direct-induced and crater-induced motions are

initially caused by a refracted wave which has a front directed primarily upward.

The Cedar City near-surface-tangent event velocity data are shown in Figure IV-I.76

along with the DRES data scatter bands. The horizontal velocity is larger than the

vertical for these events, fielded in the much stiffer medium.

In order to determine geological effects, it is useful to coi1imre data for

events with comparable explosive sources and differing geological conditions

(Reference IV-I.58). Figure IV-I.77 shows the velocity data for 100-ton surface

tangent and near-surface-tangent events for conditions from soft soil to rock.

The peak horizontal velocity for this charge configuration is not very dependent

on geology, a trend also observed for air-slap-induced motions. Vertical

velocities do depend on geology, being largest for the softest medium. The 20-ton

half-buried events data (Figure IV-I.78) show horizontal velocities to be higher

in the stiffer MIDDLE GUST sites. As the HOB decreases, this trend is expected

since higher velocities have been observed in stiffer medium for fully buried

detonations. However, the geological separation of the horizontal half-buried

data is not large. The corresponding data for 1.0- and 0.9-diameter HOB 100-ton

events are given in Figure IV-I.79.

The ground shock parameters recommended by Lipner, et. al. (Reference

IV-I.58) for the four types of media discussed are shown in Table IV-l.8. This

table gives Lipner's best estimate of the peak values for displacements, velocities,

accelerations, and stresses, and includes scaling with weapon yield and ground

range. Since scaled depths are within about 0.3 V'/' for most of the conditions
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considered in this study, no variation with depth is specified. The table also

specifies 2a uncertainty factor estimates.

Analysis of data from the high explosive events suffers from the difficulty

of separating airblast-induced ground roll effects from direct-induced and crater-

induced ground roll effects (Reference IV-I.5). Separation is particularly

important if scaling techniques to predict nuclear motions are to be developed

from the data, since source coupling effects are significantly enhanced in the

high explosive tests. As previously discussed, the initial response in the out-

running region, for layered media, is usually associated with a refracted wave

caused by upstream airblast sources. However, for relatively homogeneous media,

outrunning occurs when the airblast slows down below the ground shock speed and

the initial response is ussociated with a near-surface wave path. In both cases,

the initial motion is upward and outward.

Analysis of the initial upward vertical velocity (vi) for high explosive

events at DRES, MIDDLE GUST, MIXED COMPANY, and Cedar City indicated the data to

correlate best with cube root of yield scaling of range (Reference IV-I.60). The

reference shows the specific data points for the individual events which indicate

scatter bands varying from a factor of about 1.5 up and down for MIDDLE GUST II

and III to a factor, of about 2.5 for MIXED COMPANY 2 and 3. Separating near-

surface from deeper gauge data did not help reduce the scatter. ihe DISTANT PLAIN

6 100-ton-event data were significantly lower than the 500-ton DRES events and were

not included in the best fit. However, the scatter bands for MIXED COMPANY con-.

tained most of the DISTANT PLAIN 6 data. The initial peak decay with range varies

from R-1 s to R-'6-. Higgins and Schre.jr (Reference IV-l.60) indicate that an

R-'-' decay is representative of most of the data. Figure IV-l.80 shows the fits

to the data of Reference IV-I.60.

For the layered sites, the initial peak velocity is approximately proportional

to the propagation velocity (phase velocity) of outrunning motions. These phase

velocities (References IV-I.58 and IV-l.60) are about 11,000 fps for the MIDDLE GUST

wet site; 10,500 to 13,500 fps for the MIXED COMPANY site; and 5,500 fps for the

DRES site.

The initial peak velocities for the Cedar City events are significantly below

the MIXED COMPANY and MIDDLE GUST data even though the outrunning propagation

velocities are comparable. The Cedar City site is a fairly homogeneous medium with

outrunning bei g initiated at the surface. Therefore, the initial peak upward
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velocity may not be as large as if it were due to a refracted wave whose wave

front normal is more vertical. The jointing of the medium at Cedar City resulted
in direction-dependent wave speeds of 8800 fps for propagation perpendicular to

the jointing and 11,000 fps in the parallel direction. The direction of propaga-
tion did not appear to significantly affect the initial peak vertical velocity,

however, the horizontal response exhibited propagation direction-associated dif-

ferences. Additional analysis of vertical refracted wave velocity peaks for
MIDDLE GUST is presented in Reference IV-l.61. This anolysis indicates that the

velocities normalized to a layer impedance factor correlate well with wave path

length for a given event.

The analysis of Reference IV-l.60 indicates that the late-time peak ground

roll velocities were not very geology dependent. The late-time peak vertical

velocities attenuate slightly faster than R- and the data scatter varies from a

factor of about 2 up and down for MIDDLE GUST II and III to a factor of about 3

for MIDDLE GUST IV and the Cedar City events, as discussed in the reference. A

comparison of data for approximately surface tangent and one-diameter HOB condi-

tions at the MIDDLE GUST wet site (Events II and III) with the Cedar City (MINE

UNDER and MINE ORE or MINERAL ROCK) site did not show a significant HOB dependence

for the vertical response at a given test site.

The horizonta' ground roll response is more complex than the vertical and

has not been analyzed quite as extensively in References IV-l.58 and IV-l.60. The

horizontal ground roll velocity response at MIDDLE GUST III was more severe and
more rapidly attenuating than the corresponding response at MIDDLE GUST II, indi-
cating a probable HOB effect associated with the close-in coupling for this motion

component. A similar behavior was also observed for the Cedar City events.

The analysis of the high explosive data in Reference IV-i.60 considers only

the peak velocity, which generally occurred on the initial pulse rather than both

the initial and late time peaks. The analyses of both References IV-I.60 and

IV-I.62 indicate that the initial peak horizontal velocity in the outrunning region

is due to both airblast-induced and direct-induced effects; therefore, it would

have an HOB dependence (Reference IV-I.58).

At the maximum scaled range of interest (10' ft/mt"/') the peak horizontal

velocities for all events are on the order of 0.3 ft/sec except for the 0.9 dia-

meter HOB MINE UNDER Event which was about a factor of two lower. The horizontal

and vertical laL tine peak velocities are about equal for this maximum scaled
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range with the primary differences between the two components occurring in the

initial peaks. The maximum horizontal velocity decayed with range (R-'" to R-2' 0

for various events) more steeply than the initial vertical velocity (R`1 to

R- 65 for various events) possibly because the faster attenuating direct-induced

effects had more influence on the horizontal.

Peak displacement data for the outrunning region for NTS events are analyzed

in Reference IV-I.16. The analysis indicates that the displacements shown in

Figure IV-I.81 follows W1/' scaling. In the outrunning region data for airbursts,

surface contact bursts, and optimum depth-of-burial bursts all attenuated as R-1.

The airburst data are about a factor of 1.8 lower than the surface contact burst

data, with the depth-of-burial burst data a factor of 2.6 higher. Thus, in each

of these cases the phenomenology should be similar since the attenuation rates are

the same, the primary difference being the amount of energy causing the motions.

The ground roll motion predictions recommended oy Lipner, et. al. (Reference

IV-l.58) for the four types of media discussed are given in Table IV-I.9. Again

2cr uncertainty factor estimates are specified.

IV-1 .8.4 Summary

The data creditability and repeatability depend on:

(1) Instrumentation reproducibility,

(2) Variations in gauge placement, recording, data reduction, etc.,

(3) Repeatability of experiments, and

(4) Azimuthal variations around ground zero.

Although measurement errors contribute to the scatter in the data, in situ

inhomogeneties probably are the dominant source of observed variations on a given

well instrumented experiment. This implies that since experiments and test sites

are usually carefully selected, previously observed scatter in the data may be

less than could occur for randomly selected test sites. Therefore, the uncertain-

ty implied by the scatter in the data (factor of 2 to 4) is probably a lower

bound estimate of the variation that might be expected from nuclear surface bursts

on sites of strategic interest (Reference IV-I.2).

A substan-ial data base exists for the evaluation of near-surface, early-

time, airslap-induced vertical motions in soil and rock. At the earth's surface,

av APs where aV is the vertical acceleration in g's and APs is the overpressure
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in psi, and v APs/PCp. One dimensional wave propagation theory should be used

to predict peak displacements, waveforms, and depth-attenuation rates. Airslap-

induced vertical motions are thought to be predictable to within a factor of 2

(Reference IV-l.2).

Qualitative low-frequency features for close-in (R < 5V'/") near-surface

particle velocity waveforms from cratering explosions do not appear to vary as a

function of the geology. The crater-induced peak particle velocities attenuate

approximately as R-2 with the exception of MINE THROW IV. The crater-induced peak

displacements attenuate approximately as R-3 . The greatest uncertainty in predict-

ing crater-induced ground motions is associated with scaling the velocity ampli-

tudes and the time characteristics.

Many qualitative features of low-frequency ground motion in the outrunning dnd

ground roll regions appear to be relatively independent of details of the source

geometry. Ground motion waveforms consist of a low-frequency surface wavetrain

on which is superimposed the high-frequency airslap-related signals. There appears

to be a transition region between the cloqe-in region where crater-induced

phenomena dominate and the farther-out rey,on where classical surface-wave pheno-

mena exist. The attenuation of the ground motion with increasing range in this

transition region is substantially less than in the close-in or far-out regions.

In fact, the ground motion amplitudes sometimes appear to increase with increas-

ing range in this transition region.
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APPENDIX IV-lA

OVERPRESSURE WAVEFORMS

This Appendix presents a number of overpressure waveforms. They are ranked
according to profile and given a type number because actual waveform traces have
been found to fit these categories. The waveforms are plotted in Table IV-l.A as
amplitude versus time. First, the idealized pulse profile is shown which presents
the general aspect seen on recorder traces. Shown below is the typical or actual
waveform found on recorder traces. The next column of the table identifies the

I type number. The last column provides a description of the waveforms and their
relationship to other waveforms in the table.
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Table IV-l.A. Idealized and typical waveforms.

Descripti n of waveform and
Waveform profile* Type relation to lower ranking waveforms

In its ideal form, it is the classical
single-peaked shock wave. It is
usually recorded as a double peak.

0 The waveform shows a sharp initial
rise to a double-peaked maximum.
The peaks are close together in time
and their amplitudes are approxi-

T imately equal.

A sharp rise to a first peak followed

by a plateau or slight decay in am-
plitude, then followed by a second

"increase to a peak higher than the
first and terminating by a rapid de-

1 cay. The time interval between the
first and second peak varies signif-

T •bicantly. The first peak indicatesthe
presence of a disturbnnce traveling
faster than the main wave front.
This type of waveform is nonclassical.

The general feature is the same as
for Type 1 except that the second
peak has a lower amplitude than the
first. Each peak is characterized by

2 a steeper rise than for Type 1 fol-
lowed by rounded maxima, which in

T the typical form, are less distinct.
The second peak decays more slowry
than for Type 1.

*1 stands for idealized while T stands for typical waveform.
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Table IV-i.A. (Continued)

Description of waveform and
Waveform profile Type relation to lower ranking waveforms

At first there appears a pointed first
peak preceded by a slow rounded
rise (labeled 1). Then a decay in
amplitude followed by second peak

3 (labeled 2) terminating in slow de-

cay. The rise to maximum may be
slower than for Type 2 and the
second maximum has a !ower ampli-
tude than the first peak.

A rise to broad and flat maximum
exhibiting a long and slow decay.
The relatively sharp twin-peaked

4 amplitude rise of the Type 3 wave-
form by a slow rise with only one
maximum. The actual trace shows

noise or what may be called
"grass.

A slow rounded rise steepening to

a cusp of maximum amplitude. This

is followed by a decay, fast at first,

5 slowing later. The single grassy
plateau of Type 4 develops a
compression-type main peak. This

T may be the first indication of the
return of the main wavefront.

SA rounded rise to a plateau fol-
lowed by a steep rise to a maxi-
mum, then a slow decay in ampli-

6 tude. This is a clean-up (grassless)
Type 5 waveform with the com-

"T pression-type peak becoming a
shock.
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Table IV-I.A. (Continued)

"W pDescription of waveform and
W opfT relation to lower ranking waveform

Sr-- - A steep rise to a peak followed by

a gentle rise or a plateau to a broad

maximum followed by a slow decay.
In its typical form this type of wave-
form is similar to the classical Type
0 waveform.

The ideal and typical are nearly
identical in app• •rance. This type

77R of waveform refei: to Type 7 in a
region of regular ,hock reflection
(pre-Mach stem) where the.second
(reflected) shock front is evident.

This is a classical waveform char-

acterized by a sudden rise followed
8 by an exponential-like decay. The

single peak is sharp, typIcally
slightly "grassy, "followed by a
slow decay.T

This is a classical Type 8 waveform
in a region of regular shock reflec-

S8R tion. The second rise is due to the
reflected shock front. This waveform
is very similar in profile to Type 7R.
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CHAPTER IV-2

GROUND MOTION FROM UNDERGROUND EXPLOSIONS*

IV-2.0 INTRODUCTION

Over a period of more than 15 years, beginning with the RAINIER underground nu-

clear explosior, in 1957, the Department of Energy (DOE)t has detonated a considerable

number of nuclear devices underground in connection with weapon tests, PLOWSHARE pro-
gram objectives, and VELVA UNIFORM seismic detection studies. Observation of the

ground motion produced by many of these explosions has been undertaken by various
agencies for numerous purposes.

Ground motion induced by underground nuclear explosions involves four typical

domains of mechanical response of the rock to energy released. These are:

1. In the immediate vicinity of an underground nuclear explosion, within a few

meters to a few tens of meters depending on che energy released and the type

of rock, stresses induced in the rcck are extremely high, a megabar and

greater, the macro and crystalline structure of rocks exercise little influ-

ence on their reaction to the stress, and the result is a hydrodynamic

response. Energy lost or trapped in this region and spherical divergence

results in decreased stresses at increased distance so that beyond the

hydrodynamic recime rock structure begins to control the response.

2. Where stresses are still high, tens of kilobars to hundereds of kilobars,

energy is lost to dissipative pr.:c'ýsses and the response to loading is

nonlinear.

3. At still more remote regions as stress levels decrease to a few bars and
less, response of the rock becomes linear or quasi-linear and continues in

this mode to the limits of detection.

4. Finally, the fourth response is characterized by the influence of the free
surface on motion. This includes ballistic effects at the ground surface

directly above the explosion and the generation of surface waves near that

area.
*Authors: F. M. Sauer (Physics International Company), J. E. Schoutens (General

Electric Co.-TEMPO), W. R. Perret and R. C. Bass (Sandia Laboratories).

"hFormerly Energy Research and Development Administration (ERDA) and Atomic Energy
Commission(AEC).

IV-2-1



Ground motion measurements are generally segregated into two regional classes, the

free-field and the surface motions. The domain of the free-field motion is defined
as the region within the earth sourrounding an explosion but sufficiently remote

from both the free ground surface and other major rock interfaces or fault zones

that perturbations of the motion by such discontinuities are either negligible or

affect only late-time portions 01: the motion. The degree of approximation of any

;'eal detonation environment to this definition ranges from good in relatively uni-

form massive geologic formations to very poor in highly stratified formations that

include appreciable thicknesses of alluvium, tuff, and carbonate rocks. In the

domain of hydrodynamic response, these differences have little or no influence on

the motion.

Surface motion measurements are considered to represent motion of the free

surface of the earth. However, for ,ractical reasons of instrumentation installa-

tion and general classification, such motion is characteristic of a surface layer

a few meters in thickness.

IV-2.l UNDERGROUND EXPLOSION PHENOMENOLOGY

Before beginning the discussion of ground motion data obtained from underground

nuclear explosions, it is weil to familiarize the reader with the concepts and

terminology of this subject. The presentation covers a number of areas and is

purposefully brief in each as the reader will be referred to detailed discussions

given elsewhere. Two points should be made at this time. First, underground

nuclear explosions are unlike underground high-explosive detonations in that the

former involves the release of energy in the form of radiation in addition to the

development of very high temperatures and pressures. Second, the present discus-

sion is narrowed to detonations producing a closed cavity in the ground, that is,
none of the explosion products such as radioactive gases are vented '.o the surface.

Device detonations such as those resulting in craters and the ejection of ground

material from them will be discussed in the next two chapters of this Sourcebook.

The discussion begins with a general description of the environment in which

various nuclear tests were conducted, measuring techniques employed in detecting

free-field and surface motions, and proceed through a brief description of under-

ground nuclear explosion phenomenology associated with the formation of a cavity,

a discussion of the energy distribution or partition, wave propagation and attenua-

tion, cavity decoupling, and concluding with a brief discussion of ground motion

time histories.
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IV-2.1.1 Environments

As indicated in the Introduction, the geologic environment of an underground

explosion exercises considerable control over the character of ground motion within

the more remote regions where response is either nonlinear or linear. Specific

differences in characteristics of the rock surrounding an explosion are not parti-

cularly significant to motion in the hydrodynamic region, with the possible excep-

tion of the degree of water saturation of porous rocks. However, because mechanical

properties of the rock in the more remote regions influence energy absorption and

transmission strongly at the lower stress levels, the geologic environment will

affect ground motion there significantly.

Those underground events from which free-field data were derived occurred in a

variety of geologic environments which have been classified into four general

geological types: dry alluvium, dry tuff, wet tuff, and hard rock. All four of

these geologic types are present at the Nevada Test Site (NTS), and several exist

at the Supplemental and Special Event sites. These Fpecific environments are

descri'ed in some detail in the following paragraphs.

Dry alluvium applies to the valley fill in the Yucca Flat valley at NTS. it

consists of sandy and gravelly detritus from the surrounding mountains composed

principally of tuffs and carbonate rocks. It forms about 300 m ir more of surface

fill and is generally well above the water table. Within this aVluvium there may

occur masses of unweathered tuff ranging in size from cobbles to boulders. In

this valley alluvium lies over various tuff strata, ranging from welded tuff to

extremely friable ash flows and varying in thickness from 300 to 700 meters. Water

table depths vary from 500 to 600 m, and consequently tuffs occur in both dry and

saturated states. Beneath the tuffs lie formations paleozoic shale and carbonate

rocks. This cross section is roughly characteristic of those portions of NTS

designated as Areas 1, 3, 4, 7, 8, 9, and 10.

Rainier Mesa, NTS Area 12, is composed almost entirely of tuffaceous strata of

which the top consists of 10 to 50 m of a dense welded tuff overlying nearly 600 m

of relatively soft tuff strata which in turn lie upon thick paleozoic carbonate

rocks. Several localized perched water tables occur in this mesa, and the degree

of saturation in some parts of the mesa is highly variable.

Hard rocks at NTS include the paleozoic carbonates mentioned above, granitic

intrusive rock in Area 15, and some of the rhyolitic flows among the volcanic rock

of Pahute Mesa, Areas 19 and 20. The Climax Stock in Area 15 outcrops and, as an
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intrusive mass, extends to great depth. It is comprised of large masses of grano-

diorite and quartz monzonite bordered by metamorphosed carbonates. It includes

several nearly vertical fault zones of significant thickness as well as ?+ least

three uniformly developed fissure systems. Pahute Mesa includes ove- a thousand

meters of volcanic ash and lava flows within a large caldera, with the consequent

pattern of numerous and extensive vertical faults.

At the DOD Supplemental Test Sites, the geologic environments are roughly

similar to some areas at NTS. The Central Nevada Supplemental Test Site (CNSTS)

includes part of a caldera in which several hundred meters of typical alluvium

overlie tuff, andesites, rhyolites, and sedimentaries to a depth of more than two

kilometers. At this site the water table is about 100 m below the surface and

normal underground shot depths imply a saturated tuff environment.

Amchitka Island in the Aleutian Islands is composed of numerous lava and ash

flows and thick volcanic breccia strata, essentially all of submarine origin and

extending to a depth of more than 2 kilometers. The lavas are primarily basaltic

or ande-itic.

The geologic environments of those PLOWSHARE and VELVA UNIFORM Events from

which data were .erived differ considerably from those at NTS. GNOME was a PLOW-

SHARE experiment detonated within a thick series of evaporites in southern New

Mexico. These flat-lying salt strata range from less than 10 cm to several meters

in thickncs. .'+1 are composed principally of halite, sylvite, and polyhalite, with

thin brine-satu,,ted cla,, seams in bedding planes. The evaporites are overlain by

about 150 m rf a 1hhydrite and red bed st.rata and about 60 m of alluvium.

GAS,+UGGY, another PLOWSHARE Event, occurred in the San Juan Basin of northwest

New Mexico. It was detonated near the top of the 500-m thick Lewis shale within a
' 600 m series of Cretaceous sandstores and shales. Thcse are overlain by 1200 m

of Tertiary ano he,.'ent sjdimlentary rocks.

The VELA UNIFORi,; Event SHOAL was located in a tunnel within tile Sand Spring

Range of Central Nevada. This range consists of an intrusive granitic mass cut

by numerous dikes and thick fault zones filled with wet clay gouge.

The second VELA UNIFORM experiment, SALMON, was deionated within the Tatum

Salt Dome in central Mississippi. This dome, composed of more than 90 percent

halite, is about 1.5 km in diameter at shot depth, extended to a depth of about

8 km and was capped by 200 m of anhydrite and limestone beneath about 250 m of

Recent sediments.
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These descriptions of the sites suggesL the multiplicity of environments pos-

sible, and in one sense it has appeared that there might be nearly as many specific

environments as events. However, various characteristics of the free-field motion

data and theoretical s jdies suggest that the four geologic categories chosen pro-

vide a reasonable division of source environments for this study. There are a few

exceptions in which the best geological description of an explosion site differs

from that in which the data fit most readily. Such cases are noted, and an attempt

is made to rationalize differences in discussion of the data.

The dry alluvium category includes principally those events which occurred at

dep. s between 300 and 500 m within Yucca Flat at NTS. The dry tuff classifica-

tion includes some events in Rainier Mesa and in the outer edges of Yucca and
Frenchman Flats. The third group, wet tuff, includes events detonated at the

CNSTS, in Yucca Flat below the water table, and some in Rainier Mesa. Finally, the

fourth category, hard rock, covers all those events which were detonated in granitic,

volcanic, or carbonate rocks or in sandstone, shale, or salt (References IV-2.1

through IV-2.26 and IV-2.45 through IV-2.79).

Geophysical properties of the various rocks are particularly significant to

their response to explosive loading in the linear and nonlinear regions. The values

listed in Table IV-2.1 are generally applicable to the rock types described here

and serve to indicate differences in response of such rocks. The wave velocity

quoted for bedded salt is probably high as is the density because of a layer of

dense polyhalite directly below the shot point.

IV-2.1.2 Measurement Techniques

Mechanical effects of an underground explosion include transient pressure,

strain, and particle motion. Observation of any of these parameters must depend

upon compatibility of an instrumentation system with conditions in the vicinity of

the observation point. In the region of hydrodynamic response pressure levels,

rise times and temperatures restrict such instrumentation systems to those respon-
sive to shock front velocities, from which pressure levels may be deduced. Near
the outer limits of the hydrodynamic region where rocks begin to respond plastical-

ly, gauges have been devised which yield a signal relatable to the whole transient

disturbance. The primary limiting factor in this region is the very brief survival

of instruments and cables, because of the very high stress levels and large mass

velocities behind the shock front. These conditions prevent acquisition of data
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after shock arrival within the hjdroJ'1,winic regimp: arid often terminate data during
later portions of the stress trarisiert in the plastic regime.

Cable survival and maintenance of cable integrity is also a limiting fac-
tor in the forward portion of the nonlinear response region. This problem is

generally limited to stress levels above one kilobar, although permanent cable

damage may cccur at lower stress levels where gross displacements occur at bedding

planes or faults intersected by the cables. There is, however, a very different

restraint imposed on measuring techniques in the lower stress regions as a con-

sequence of impedance matching problems between the rock and the instruments. As

a consequence of this problem, it has been found that measurement of motion in

terms of particle acceleration or its time integrals is more reliable than observa-

tion of either stress or strain. Response of instrumentation for measuring stress

or strain appears to be much more sensitive to disturbance of the envirunment by

gauge emplacement or t3 mismatch of rock and gauge impedanue than is response of

motion gauges. Consequently, data from the hydrodynamic domain are shock front
velocities translated to peak pressure levels by means of exper-imentally determined

rock properties, and data from the nonlinear and linear or quasi-linear domains are
motion data recorded as time-histories of acceleration or particle velocity.

Contained underground nuclear explosions are placed at depths of the order

uf 250 m or deeper. Emplacement is either in a deep vertical borehole from

the ground surface or in a horizontal tunnel or drift extending either from the

face of a mesa or from the bottom of a vertical access shaft, depending upon the

terrain and specific objectives of the test. Regardless of the type of explosive

emplacement, the preferred pattern of free-field ground motion instrument stations

is in a radial line from the explosive at distances dependent upon instrumentation

and feasible positions. Such instrument arrays are generally on horizontal radii

at shot depth cr on the vertical radius through surface zero directly above the

explosive. In rpecial cases vertical arrays may also be offset horizontally from

surface zero at various distances and horizontal arrays may be above or below shot

level.

Emplacement of the explosive in d deep vertical hole requires that horizontal

instrument arrays be einplaced in a series of vertical holes drilled at specified

distances along a radius and that vertical arrays be located in a boring offset

about 10 m or more from tihe shot hole. The MERLIN Event in NTS Area 3 included

-instrument arrays of this type, Figure IV-2.1. Events for which distant offset
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vertical arrays waere required, such as SALMON and HANDCAR used similar series of
instrumentation borings; but these borings usually etended to depths appreciably

below shot level,

Free-field instrumentat;on arrays for nuclear explosions emplaced in tunnels

were usually installed at or near shot level in borings extending from the floor

or walls of the tundel to depths of 3 or more tunnel diameters and in vertical bor-

ings from surface zero, Figure IV-2.2. In tunnel installations where stations were

required at distances or in directions beyond the tunnel complex, offset vertical

borings were also used for shot level stations.

It is pertinent here to describe the method of handling data from measurements

for the analysis which forms the basis for this chapter. Peak values of stress and

particle velocity were derived from measurements made in the hydrodynamic region,

and corresponding peak values of accleration, particle velocity, and displacement

were derived from ground motion measurement records obtained within the nonlinear
response aomain. These peak data were from numerous events involving exposively

released energy which ranged over several orders of magnitude and from gauges placed

at distances ranging from a few meters to a few kilometer's. Comparison of such
data requires normalization to some logical base by means of dimensional analysis.

Such analysis has shown that, normalized to an energy release equivalent to that
of one kiloton of TNT explosive, pressure or stress and particle velocity vary

inversely with the nth power of the distance from source to measurement station

reduced by the cube root of the yield or energy released in equivalent kilotons of
TNT. Similar power law relationships are derived from accelerations normalized by

multiplying by the cube root of yield and for displacement divided by the cube root

of yield. General equations for these i-orinali.ation or scaled relationships are:

pPo =P R/W'/a (IV-2.1)

u =u0  R/W1/3 (IV-2.2)

a a.W1/3 ) R W/3 (IV-2.3)
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where p, u, a and d are respectively pressure, particle velocity, acceleration, and
displacement, R is the distance or range between source and measurement station,

and W is the energy yield in equivalent kilotons of TNT. The subscript zero refers
to the value of the normalized quantity for (R/W'/') equal to one.

It is convenient for all free-field ground motion data presented in this
chapter to be normalized to a value 0f W equal to 1 kt. The resulting linear fits
and plots are compared and discussed in the remainder of this part of this chapter.
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Figure IV-2.1. Merlin instrumentation (Reference IV-2.27).
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IV-2.1.3 Fireball Development

A good description of the disassembly of a nuclear device is given in Refer-
ence IV-2.28. The description is applicable to the explosion in the atmosphere

including the atmosphere contained in a cavity large enough to decouple the detona-

tion from the cavity. For the purpose of this section we quote th~e following

descriptive paragraph from Reference IV-2.28, p. 71.

In the earliest stage of the expansion of the weapon residues,

the temperature is extremely high and thu.. mean free path of the

*1 radiation is long compared to the dimensions of the volume of
expanding residues. Consequently, the transfer of energy by

radiation takes place rapidly within the mass of hot gas and

the temperature throughout the material is uniform. This mass

is, therefore, referred to as the "isothermal sphere' and

represents the early stages of the fireball. Provided the
ambient air is cold and has an appreciable density, the soft
X-rays and ultraviolet radiation, constituting the major part
of the thermal radiation emanating from the isothermal sphere

are absorbed or degraded in energy within a short distance.

The surrounding air thus becomes extremely hot, with the result

that the dimensions of the fireball increase rapidly. At first,

the shock front lags behind the radiation fyont, i.e., the sur-

face of the fireball , because the mean free path of the radia-
tion in the hot gas is so long that the trdliSfer of energy by
radiation is more rapid than by mass motion. As the fireball
expands and the energy is deposited in an ever-increasing vol-

ume (and mass) of air, the temperature within the isothermal

sphere falls. As a result, the mean free path of the radiation

decreases and transfer of energy by radiation becomes less

rapid. The shock front then begins to advance faster than the

radiation front and soon the two coincide. The shock front

continues to advance more rapidly than the radiation front

and moves ahead of it at the time when the temperature of the
isothermal spher'e has fallen to about 300,000*C, This pheno-

menon is called "hydrodynamic separaticn."
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Johnson, Higgins and Violet (Reference IV-2.29) have noted that in tae case of
the 1.7 kt shot RAINIER, the explosion took place in a cavity having a volume of
about 7 m3 and containing a mass of material of about 1000 kg. They estimated that

a few microseconds after explosion time the pressure -in the room was around 7 X 106
atm and the temperature at about 10*°C. These represent conditio,.. equivalent to

having the fireball filling the cavity. For a full decoupling of an explosion in
a cavity, the cavity size must be such that the explosion-produced pressure at the
cavity wall does not produce stress in excess of the elastic limit of the surround-

ing medium. This pressure is about 150 atm (0.15 kilobar)* according to Latter etr al (Reference IV-2.30). From this we conclude that the RAINIER shot was essential-
"ly tamped. Had that shot been decoupled, the fireball would have expanded beyond
the cavity dimensions before the shock front moved out beyond the radiation front.
It is, therefore, appropriate to continue quoting from Reference IV-2.28, pp. 71

to 76.

As the shock front moves ahead of the isothermal sphere it causes

a tremendous compression of the ambient air and the temperature is
thereby increased to an extent sufficient to render the air incandes-

cent. The fireball now consists of two concentric regions. The
inner (hotter) region is the isothermal sphere of uniform temperature,
and this is surrounded by a layer of luminous, shock-heated air at
a somewhat lower, but still high, temperature. The surface of

separation between the very hot core and the somewhat cooler outer
layer is the radiation front. For some time the fireball continues
to grow in size at a rate determined by the propagation of the shock
front in the surrounding air. During this period the temperature

of the shocked air decreases steadily so that it becomes less

opaque. Eventually, it is transparent enough to permit the much

hotter and still incandescent interior of the fireball to be seen
through the faintly visible shock front. The temperature at this
time is considerably lower than that of the isothermal sphere but

the radius is larger. As the temperature of shocked air approaches

1800%C it absorbs (and reradiates) less rapidly. Then the shock
front becomes increasingly transparent to the radiation from the

isothermal sphere and there is a gradual unmasking of the still
hot isothermal sphere, representing breakaway.

*1 bar 1.013 atmosphere 14.7 psi.
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At the instant of breakaway the shock front pressure is approximately 50 atm
(Reference IV-2.31). The relative positions of the shock front and the fireball
are shown in Figure IV-2.1 (Reference IV-2.32). This figure shows that after shock
breakaway, the fireball growth or the cavity growth reaches a maximum value while
the shock front continues to expand radially outward.

As indicated in Reference IV-2.32, the shock front overtakes the radiation
front earlier if the nuclear explosion takes place in a ground mediumi instead of
the atmosphere. The fireball for an underground explosion can extend some dis-
tance into the surrounding medium but is significantly smaller than for a
comparable atmoshperic detonation. In a tamped explosion the fire 11l can
extend a considerable distance beyond the isothermal sphere because the shock
front is initially sufficiently strong to vaporize tie surroundinq rock. In
this case, the fireball boundary coincides with the shock front out to the

radius of .;, orization (where the shock energy is just sufficient to vaporize

the rock). beyond this radius th'e shock front breaks away from the vapor-

filled cavity and successively melts (some materials such as dolomite will de-
compose and sublimate) and inelastically deforms the surrounding rock by
plastic deformation, shear failure, and crushing, if porous, before decaying
into an elastic wave. The motion ot the shock front and the growth of a

cavity produced by an underground nuclear explosion are analogous to the shock-
front motion and fireball growth of an atmospheric nuclear explosion as
shown in Figure IV-2.3 (Reference IV-2.32).

2 Z Shack front

W L
ZX

Figue cavity boundary

TIME AFTER DETONATION

Figure IV-2.3. AdvancL of shock front and growth of fireball or
cavity in an atmospheric or underground nuclear
explosion (Reference IV-2.32).
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Using Figure IV-2.4 from Reference IV-2.32 we can then describe the processes

involved in the formation of a cavity during an underground nuclear explosion.

Consider an underground nuclear explosion to occur in rock with the initial cavity

the size of the device (tamped explosion). As the detonation begins the intense

shock wave will vaporize the rock out to a radius Rv; Rv corresponds to the shock

breakaway t6ime. The cavity now continues to expand until it attains its final

radius Rc This is the condition at which the cavity pressure is in equilibrium

with the resisting stress at the cavity wall. The cavity now has a radius R c that

corresponds to the cavity boundary as shown on Figure IV-2.4. The shock front

continues to move out radially until the inelastic stress wave decays to an elastic '
wave at radius R. The inelastic stress wave produces permanent rock deformation.

The radial stress at the elastic radius R0 has a peak value corresponding to the

elastic limit stress of the rock. For most media this corresponds to about 150

atm (0.15 kilobar).

IV-2.1.4 Partition of Energy

We can briefly examine what en'ergy remains in the cavity after the detonation

and how much is available for production of seismic waves. For ground motion to

be minimized, the energy dissipation in the inelastic region should be maximized.

For a fully decoupled explosion, the cavity has the size corresponding to R0 of the

inelastic region where a large fraction of the explosive energy is dissipated and

remains trapped in the form of cavity gases. This gas is hot and contains the air

originally in the cavity in addition to the vaporized weapon. For a tamped explo-

sion, the inelastic region extends into the surrounding rock where the rock has

vaporized, melted, cracked, crushed and undergone plastic deformation. The energy

partition values given below refer to a tamped explosion.

Heckman (Reference IV-2.33) analyzed the data from postshot rock temperature

for eight nuclear detonations. His analysis indicated that 90 to 95 percent of

the energy released remains as residual thermal energy in the vicinity of the

explosion assuming complete containment is achieved. More detailed studies of

SALMON Event has shown that approximately 90 percent of the total yield energy

was deposited within a 50-rn radius from the center of the explosion. This value

does not take account of the energy dissipated in crushing and fracturing the salt

out to 90 m from the cavity edge whose radius is 17 m (Reference IV-2.32). From
these figures one can conclude that less than 10 percent of the device energy is

available to generate seismic waves.
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Figure IV-2.4. Radius versus time relation for an
underground nuclear explosion with
regard to vaporization, cavity
expansion, and inelastic rock defor-
mation (Reference IV-2.32),

IV-2.1.5. Reflected and Refracted Waves

As we have seen in Chapter IV-l, there are two types of body waves: the

compressional or p-wave and the shear or s-wave. The reflection and transmission

of these body waves at a single or at multiple boundaries in elastic solids is
quite complex even in the limiting case of an homogeneous, isotropic and nonporous
solid. This complexity arises from the transformation of energy from p- to s- or
s- to p-waves; that is, an incident wave train gives four kinds of waves. In the

case of a medium consisting of two semi-infinite half-spaces, each with different
acoustic impedance properties, which are "welded" together at the plane interface,

four boundary conditions are imposed on the solution of the wave equation. These

boundary conditions require that the normal and tangential displacements and
stresses on each side of the interface be equal. If oie of the half-spaces is a

IV-2-15



vacuum, the plane interface is a free surface and the four boundary conditions

reduce to two; the normal and tangential stresses at the free surface are equal to

zero.(References IV-2.32, IV-2.34, IV-2.35, and IV-2.36). An analysis will show

that if either a p- or an s-wave are incident on an interface or a free surface,

these additional boundary conditions cannot be satisfied by the reflection and

refraction of the same type of wave. An additional type of wave is reflected and

refracted. Assuming that the plane interface is horizontal we can describe these

waves as (Reference IV-2.32):

Incident p -reflected (p + sv) + refracted (p + sv)

and

Incident sv ,reflected (p + sv) + refracted (p + sv)

where sv is a vertically polarized shear wave (normal to interface plane). If the

incident wave is a horizontally polarized shear wave, sh, parallel to the free

surface, then there is no additional wave reflected and refracted at the interface.

Thus

Incident sv reflected sh + refracted sh.

Figure IV-2.5 shows these cases of reflection and refraction. Note that the angles

of incidence, reflection, and refraction can have values ranging from zero to Tr/2.

The angles of incidence and reflection of a given type of wave are of course equal.

Snell's Law can be used to relate the angles of incidence, reflection, and refrac-

tion to the wave propagation velocities (Reference IV-2.32 or IV-2.34)

sin s sin e ino2 sin 0s2 sin O sin s0
C pl C sl C pl Csl Cp2 Cs2

where C is the compressional wave velocity and Cs is the shear wave velocity.
p

Where the incident compressional wave propagates in a direction normal (®pl = 0)

to an interface, the ratios of the displacement amplitudes for the transmitted and

reflected p-wave are given by (Reference IV-2.37)

A 1Apr 1 - P22PC1

-1 P2C2 /Q 1  (IV-2.6)
A 1 + P2 C2 /PlC 1
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Figure IV-2.5. Reflection and refraction of plane p- and
s-waves at a plane interface. (a) Iicident
p-wave and reflected and refracted sv-waves.
(b) Incident sv-wave and reflected and
refracted p- and sv-waves. (c) Incident

sh-wave and reflected and refracted sh-
waves (Reference IV-2.32).
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Apt 2
Api 1+ P2C2iPl'l (IV-2.7)

where the wave propagates from medium 1 having an acoustic impedance piCl into

medium 2 having an acoustic impedance P2C2 . These equations have already been dis-

cussed in Chapter IV-l. Suffice it to add here that if the acoustic impedances of

the two semi-infinite half-spaces approach a common value as a limit, the interface

will disappear and so will the reflected wave. (In the limit, this corresponds to

an imaginary interface in a continuous medium, thus P2 C2 = piCl and therefore

A /A = 0.) The opposite occurs when the second half-space becomes a vacuum.pr piThis results in the disappearance of the refracted wave and the incident wave is

completely reflected. Mention may be made in passing that if the incident wave

fronts, either p- or sv-waves, are not planar, but have a finite radius of cur-

vature, the zero-stress condition at the free surface is not satisfied by the re-

flection of two types of waves, fhree types of waves are now generated (Reference

IV-2.32). They are

pp + sv + R and sv sv + p + R

where R is the Rayleigh wave mentioned in Chapter VI-l. Nakano (Rcference IV-2.38)

has shown that the Rayleigh waves vanish when the incident wave front curvature

approaches zero (see also Reference IV-2.36).

Analysis of wave reflection and refraction in real geology becomes extremely

complex. Many computational methods have been developed, some extremely time-

consuming to use and others fairly simple. We present a brief description of a

graphical method developed by Chaszeyka (Reference IV-2.39). Thi: method is used

to predict all the elements required to follow the behavior of the explosion, that

is, the position and velocity of the shock front and the associated particle

velocity. The solution is restricted to three- and two-shock geometry shown on

Figure IV-2.6. There is an incident shock at angle 0i to the original surface, a

reflected shock at angle Or , a transmitted shock at angle Ot, and a new position

of the interface at angle 0s.
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Figure IV-2.6. Shock geometry at interface.

The conditions assumed for the analysis are the following:

1. The shock intersection remains at the interface.

2. The components of particle velocity normal to the interface are
equal across the interface.

3. Attention is restricted to a small region such that the flow can

be considered uniform in each region and pressure is continuous

across the interface.

4. The hydrodynamic transport velocity behini the reflected waves is

such that the reflected wave cannot overtake the incident wave

intersection at the interface.

The solution is valid whether the reflection process results in a rarefaction

or a shock wave in the original medium and is applicable for any equation of state
in the media involved. The method lends itself well to keeping track of a'il

possible solutions which satisfy the boundary conditions. Consequently, the

physically unreal solutions can be discarded.
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f IV-2.1.6 Cavity Decoupling

The problem of cavity decoupling has its origin in the possibility of conceal-

ing an underground nuclear explosion from seismic detection. The method of con-

cealing a nuclear detonation by enlargement of the underground cavity was at first

discarded because it was erroneously concluded that a cavity would not be effective

in decoupling the signal. Later on it was correctly reasoned and experimentally

verified that it does pay to have detonation occur in a large enough cavity to

eliminate any nonelastic behavior of the rock. Nonelastic behavior of rock is

undesirable because the medium can flow and thereby undergo large displacements.

Therefore, an estimate of the effectiveness of this method indicates that a yield

of more than 300 kt could be made to appear seismically like a yield of 1 kt

(Reference IV-2.40).

Consider a nuclear explosion of yeild W to occur in an underground cavity of

radius r = R sufficiently larqe that the pressure on the wall of the cavity doesa

not exceed the elastic limit of the medium (approximately 150 atm). Moreover, we

assume the energy W to be suddenly released and uniformly distributed in the cavity

volume producing a step-function pressure increase on the wall. This pressure

then is

p 3(y - 1) W (IV-2.8)
4•rR 3

where y = 1.2 (Reference IV-2.32) is a constant characterizing the gas mixture in

the cavity.

The Fourier transform of tie elastic displacement produced by the step-pres-

sure p at a range r in the wave zone is (Referern.e IV-2.41)

PR . Cp
-- C~ (IV-2.9)

87ur 2 X + 2p
0 0 4P
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where X and Vi are the Lain6 constants, C is the comp-essional wave speed and w is
P

the angular frequency, and

W : C/Ro (IV-2.10)
O0

If one's interest is confined to those values of w for which elastic displace-

ments are propagated to large distances with negligible attenuation in the earth,
-1

that is, for w ranging from zero to about 6 sec 1 , then the first term in the

denominator of Equation IV-2.9 dominates so that

R3
o 3(y- 1) WCM R= -- = (IV-2.11)

87niirC 2p 32•T2•rCp

This equation shows that the amplitude of the distant seismic signal is

proportional to W. The amplitude is independent of the initial cavity radius

Ra (R is the cavity radius corresponding to wall pressures equal to or below the

elastic limit of the :miedium, see Figure IV-2.4).

To determine the advantages of initiating the explosion in a large cavity,

an analysis of the measurements made on the RAINIER Event is given. RAINIER was

a 1.7 kt nuclear device detonatece at a depth of 900 ft in Nevada tuff. Accelera-

tion measurements were made in a vertical direction at 371 ft and 451 ft from the

zero position. These measurements are particularly useful because the medium is

homcgeneous and appears to be elastic in this region, and the records were rela-

tively free of extraneous reflections. Using Equation (4) of Reference IV-2.41

-for the Fourier transform of the displacement at a range r

PR C2
•(f) - 1 r• 2 C 2 + W + 2V

0 4p
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where k is the unknown radius at which the medium begins to behave elastically
and p is the unknown Fourier transform of the pressure acting at and w0 isde-

fined as before by Equation IV-2.10. Latter, et al (Reference IV-2.40) have fitted

the experimental data by choosing various values of R and different forms cf p.

They found that the best value for R is approximately 280 ft so that wO= 25 and

is essentially independent of the form of p. Moreover, for an explosion of any

yield in the RAINIER environment, the angular frequency wO must scale as W-'/'

and hence

4 •0 ~25(\ ) 1.,7_
W: 2 , sec (IV-2.13)

where W is in kt. Using Equation IV-2.12 and the RAINIER experimental data, a

Fourier transform of the displacement in the wave zonE was determined. The result ]
was then compared with the transform given for the case of a cavity specified by

Equation IV-2.11. The result, after some mathematical manipulation given in

Reference IV-2.40, leads to the equation for the decoupling factor, or

C2 4 h (Iv-2.14)
-h- = h Cp

where the shear modulus P is given in kilobars. The subscript h refers to the

quantities associated with the cavity. For a cavity in the RAINIER medium,

Chp = Cp and Ph - 20 kilobars so that the decoupling factor is approximately 50.

According to Equation IV-2.14, to increase the decoupling factor the cavity should

be made in a stronger medium for which P and C are large. For example, in salt
where a number of the events of the COWBOY Series were fired (Reference IV-2.42)

Chp 2.5 C and Ph - 100 kilobars. This gives a decoupling factor of about 600.
hp p

This number should be reduced somewhat because the strongc.r mediunm kill couple

eventually to softer media and overshoot will occur. Assuming this overshoot to

be on the order of 2, the decoupling factor becomes at least 300. Thus a 300 kt

detonation can appear as a 1 kt detonation.

In conclusion it is worth noting that Cherry, Bache and Patch have performed

computations (Reference IV-2.43) that suggest that detonating a nuclear explosion
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in a tunnel may be a viable evasion technique in terms of the Ms/mb discriminant.

(For a detailed discussion on the various techniques of discriminating between a

nuclear explosion and an earthquake see Reference IV-2.44.) Ms is the surface

wave magnitude while mb is the body wave magnitude.* The authors performed

computer modeling of sources as well as conducted experimental tests. They carried

out measurements of 37 small scale detonations inside 14 different tunnel config-

urations, They concluded from their analysis that with the source at an orienta-

tion close to the horizontal, the teleseismic signatures became much more like

those of earthquakes. Especially at 45 degrees orientation, significant Love waves

were ge.ierated. For a linear source the most favorable orientation is the horizon-

tal with values of Ms enhancement ranging up to 0.34 with about an average over the

entire radiation pattern of 0.2. Unlike the linear source, the most favorable

orientation of the nonlinear source for Ms enhancement is at 45 degrees to the

vertical. The difference between the 45 degree and horizontal orientation is

large with the horizontal actually leading to a negative Ms enhancement at most

azimuths. For the linear source, the 45 degree orientation gives slightly less M

enhancement than the horizontal orientation. On balance, consdiering both Love

and Rayleigh waves, cylindrical source orientations between the vertical and

horizontal would seem most likely to exhibit earthquake-like surface wave behavior

in the teleseismic range. The computed Rayleigh wave amplitude for the nonlinear'

45 degree source is as much as an order of magnitude greater than that from an

equivalent spherical explosion. They also noted that body wave (magnitude of mb)

excitation remained almost unaffected by the source orientation.

IV-2.1.7 Representative Ground Motion Time Histories

Because of symmetry, motions in the vicinity of a detonation contained in a

homogeneous medium are theoretically radial only. However, as the absolute dis-

tance from ground zero increases secondary motions arise from inhumogeneit> of the

medium or from refraction and reflection processes. These secondary motions are

*In general, the magnitude values M and m are determined from empirical expres-
sion of the form b

Am = a + log1 0  + n loglo A (IV-2.15)

where m is the magnitude, a and n are empirical constants, A is the signal ampli-
tude, T is the signal periud, and A is the epicentral distance (see References
IV-2.32 and IV-2.44).
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usually accompanied by a substantial amount of tangential motion. Because these

secondary motions are associated with a particular geolog~cal formation they are

considered a perturbation on the main radial motion when considering correlation

of data. For this reason, motion of the free-field is inferred to be radial,

although in some circumstances this is not necessarily the case. Where substantial

Itsecondary motions occur, thereby giving rise to substantial tangential motions,
these data have betn eliminated from the analysis.

An illustration of typical free-field radial motion is given in Figure IV-2.7.

As indicated, motions in the free field near an underground explosion are similar

to the wave motion from a detonation in free air.* Initially, there is a large

fore, the permanent (residual) displacement is a large fraction of the maximum

transient displacement. At large ranges the outward and inward radial velocities

become more nearly equal, so that the permanent displacement tends toward zero
more rapidly.- than the maximum transient displacement.

At the ground surface directly above ground zero (surface zero) the incident

compression wave is reflected from the free surface causing an increase in the

magnitudes of the peak acceleration and velocity. Because of the low tensile

strength of soils and rock formations, reflection of the compressive wave causes a
single or multiple spall to form below the surface. The motion of the surface is

then as if it were given an initial velocity equal to a multiple between 1 and 2

of the free-field velocity which existed at that range, followed by a period for

the free fall oil the spalled material (Figure IV-2.8). The fallback and subsequentI collision of the sl;ýt with the surface below the spall gap produces a second peak
of acceleration whose magnitude usually is larger than that of the first. The

second peak is judged to be unpredictable in magnitude and time of occurrence and
is not included in analysis of surface motions. This sequence of events may be

repeated several times, as it occurred at surface zero for the GNOME Event. (Figure
IV-2.8), depending to a great extent on the number of spalls or the degree of
bulking that occurs in the surface layers. Hence, the maximum and permanent

displacements of the surface are unpredictable since spalling phenomena are not

yet completely understood.

*By "free air" is meaiit well above the ground surface so that the ground plane
does not interfere with the shock propagation.

IV- 2-24



600l

8-A RANGE: 369 FT • 1
0 400

I us 200
_j
"U

S0

30 8-A (INTEGRATED) *

20 OUT

SI0
0

0,. o

W 30 --

2 0 - O U T

1 0

10

r,

8 8-A (SECOND INTEGRATO)
l1OUT
I4

0. 4

z 0

0 100 200 300 400

TIME, msec
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At some distance from ground zero, spalling ceases and the character of the

motions changes as illustrated in Figure IV-2.9. The magnitudes of the various
peaks of acceleration and velocity become more nearly equal and the motion stretches

out in time as the various modes of surface motion develop.

For example, Event HANDCAR, (Reference IV-2.64) was detonated in a thick

dolomite section. Surface data were obtained in the overlying desert alluvium

while free-field data were collected in the dolomite body. It was indicated in
Reference IV-2.64 that the vertical component of the surface velocity fell squarely

on similar data of Event RAINIER. The peak free-field velocity data also closely
approximated those for competent tuff as calculated by Werth and Herbst (Reference

IV-2.65).
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Figure IV-2.9. Example of surface motion in the
nonspalling region (data from
GNOME)

i:'I IV-2.2. STRESS AND MOTION WITHIN THE HYDRODYNAMIC AND PLASTIC REGIONS

This section has been adapted from Reference IV-2.27.
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IV-2.2.1 Measurement Techniques

ni the immediate vicinity of underground explosions temperatures and pressures

are so great that rock responds hydrodynamically to the load. Such response is

more strongly dependent upon the chemical elements in the rock than upon its

crystalline or macrostructure. Only limited means exist for experimental studies

of shock front characteristics under these conditions. Conventional instruments or

systems for measuring stress or motion in the rock would be destroyed under *:he

extremely high stress levels and large mass velocities which exist behind the. shock

front in this region. However, it is feasible to derive certain parameters of the

shock front which, combined with the equation of state for the geologic material

that surrounds an explosion, can provide information about the maximum stress in

the shock front and particle velocities immediately behind it. In an environment

of hydrodynamic shock, the equation of state of a material may be described by the

Hugoniot equation (see for example Reference IV-2.31). This is a special form of

the equation of state which involves neither temperature nor volume directly but

is formulated in terms of the dynamic characteristics of a shock front. These

parameters include initial pressure and density ahead of the shock, p0 and p

shock propagation velocity, Us, and pressure and particle velocity immediately

behind the shock front, p and up. The Hugoniot equation for this condition

(Reference IV-2.80) is:

p- Po = pUsu (IV-2.16)

In addition to Equation IV-2.16, a second relationship expresses the shock

front velocity as a linear function of particle velocity behind the front

Us C + S u (IV-2.17)
p

where C and S are respectively the intercept and slope of a linear segment of a
: ~plot of Us versus up for a specific range of pressure levels. For some materials,

the full range of pressure levels within the hydrodynamic region may be represented
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by a single linear plot. For others, such as alluvium shown in Figure IV-2.10, the

curve is not linear, but several linear segments serve as a practical approximation

for application to the Hugoniot equation of state.

Laboratory studies of a particular rock within which an explosion is planned

provide values of C and S character!stic of the material over the applicable range

of pressures, and it is sufficient to determine only the velocity with which the

shock front is propagated from field measurements at a point near the explosion

in order that both pressure level and particle velocity there may be determined.

Such field measurements are customarily made by recording the times at which the

shock arrives at two closely spaced and accurately positioned detectors. These

shock front arrival measurements may be made either through part of the rock itself

or within a sample of a different material, the Hugoniot parameters for which have

been experimentally established.

Data reported here were obtained by Sandia Laboratories (Reference IV-2.27)

and include results of measurements near 30 underground nuclear explosions in

alluvium, tuff, and granite. Hugoniot parameters used in reduction of these data

were derived from laboratory experiments reported elsewhere (References IV-2.81,

IV-2.82, and IV-2.83), and are listed in Table IV-2.2. Different field measure-

ment schemes were devised for different geometries of explosive emplacement. These

techniques are described briefly in conjunction with the types of rock to which

each was best adapted.

Table IV-2.2 Hugoniot parameters (Reference IV-2.27).

Pressure
Range Density C

Rock (Kilobars) (gm/cm 3 ) (cm/psec) S

Alluvium <90 1.54 0.062 1.875
>90 - <183 1.54 0.247 0.722

>183 - <354 1.54 0 016 1.577
>354 1.54 -0.46 2.84

Dry Tuff <85 1.46 0.068 1.80

>85 - <210 1.46 0.22 0.86

Partially Saturated Tuff <108 1.74 0.34 0.74

Saturated Tuff >20 - <86 2.00 0.223 1.328

Granite >350 2.65 0.41 0.96
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Underground nuclear explosion tests in alluvium are typically conducted in

deep, vertical drill holes. Emplacemeru of gauges for shock front measurements in

the hydrodynamic region for these explosions must be accomplished From the surface,

which is often more than a thousand feet above the prescribed gauge position. Three

techniques for these deep hole measurements have been employed by Sandia Labora-

tories. The first system used as the shock front velocity gauge a plexiglass slab

about 5 cm thick with PZT (lead zirconate titanate) ferroelectric crystals mounted

on opposite surfaces. This slab was oriented by remote control so that the path

of the shock front through it corresponded to that between the PZT crystals. A

remote indicating gyroscope system permitted orientation of the gauge with an

ingular precision of ±1° at depths of 1000 ft, and configuration of the arrival-

time matrix was such that positioning error always resulted in positive error in

derived pressures. Each hole containing a gauge was backfilled with alluvium after

final orientation of the gaupe to minimize perturbation of the shock front. Shock

velocities observed within the plexiglass were related to pressures by means of

knowi Hugoniot parameters for plexiglass. This pressure corresponded essenitially

to the driving pressure in the alluvium because Hugoniot parameters for alluvium

and plexiglass are very similar. Difficulty and expense of gauge orientation at

these depths led ýo the development of a ring-type or "nondirectional" gauge

(Reference IV-2.84). Active elements of these gauges were a pair of PZT crystal

rings about 5 cm and 10 cm in diameter, each having square cross sections about

6 mm on a side. The rings were mounted 10 cm apart coaxially on the axis of a thin-

walled plexiglass tube which was filled with alluvium. The gauge was placed at

shot horizon with its axis vertical. Arrival of the shock front at each ring

produced a signal from which shock front velocity was deduced. A third method and

rarely used technique utilized a quartz crystal embedded in a plexiglass blank.

This type of gauge required precise orientation similar to that for slab gauges.

Proper uniform backfill of gauge emplacement holes with local alluvium and special

care to prevent bridged voids in the backfill is essential to successful operation

of all three types of gauges. All three systems also required precise time and

high speed oscilloscopic recording of shock arrival signals.

Underground nuclear detonations in tuff have been conducted both in deep

vertical borings and in tunnel and drift complexes mined into mesas surrounding

some of the broad valleys at the Nevada Test Site. Those tests conducted in

vertical wells were instrumented in the hydrodynamic region in the manner d scribed

for explosions in alluvium. Those tests conducted in tunnel complexes permitted
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more sophisticated measurement systems. In tunnel systems it is usually feusible

to reach desired gauge positions within the hydrodynamic region by means of hori-

zontal instrument borings 30 m or less in length. In such configurations, gauge

orientation is readily and accurately controllable and measurement of the range

from shot point to the gauge is accurate to a few centimeters in several meters.

This type of installation also permits bonding gauges to the surrounding rock with
a cement grout which is matched to the rock in acoustic impedance. Gauges of

significantly larger size may be used in such tunnel installations. Shock velocity

data for shots in tuff were obtained primarily with PZT.-ring gauges. It was also

found feasible to obtain some direct pressure-history data in lower pressure regions

with piezoresistive gauges formed of manganin wire grids embedded in epoxy. These

gauges have a useful pressure range of from 10 to 500 kilobars.

The region of hydrodynamic response in granite is considerably smaller than in

alluvium or tuff, with the consequent requirement that shock arrival gauge systems

for explosions in granite must be emplaced much closer to the shot point. Fortu-

nately, nuclear explosion tests in granite have been located in deep tunnel com-

plexes which permit precise close-in gauge emplacement. The applicable improved

gauge installation procedures also permit use of other, more precise devices, such

as impedance-match gauges with which pressures ranging from a megabar to 100 kbars

can be measured. This system relates transit velocities measured in calibrated

samples of two materials which are driven by the shock in granite to the shock

velocity in granite. Sample materials are chosen for well established shock

response characteristics and are typically aluminum and brass. This technique

generates in situ Hugoniot data for granite. However, its use is limited by a

required complex transm:ssion and recording system.

Stress histories may be measured more rcadily in the lower pressure region

just beyond the hydrodynamic region where rock is deformed plastically. Gauges

have been devised for use in this region which, though stronger than the surround-

ing rock and capable of withstandirg the shock front, do not severely distort the

front and develop a signal relatable to the driving disturbance. Gauge systems for

such measurements include active elements of ytterbium, quartz or PZT. Ytterbium

gauges, which employ a fo4 l of ytterbium embedded in epoxy, are suitable for re-

cording pressures between 1 and 15 kilobars. In regions of somewhat lower stress,

PZT gauges were found suiteble. Quartz gauge systems (Reference IV-2.84) also have

been used for stress measurements in granite.
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IV-2.2.2 Data Analysis

Data derived From measurements of shock front velocity in the hydrodynamic

region surrounding nuclear explosions in alluvium are listed in Table IV-2.3 and

similar data for explosions in tuff and granite are listed in Table IV-2.4. Those

data are plotted as a function of scaled range in Figure IV-2.11. In this figure,

solid lines represent linear regression fits to the data and dashed lines represent

90-percent confidence limits for these fits. Two sets of pressure data, identified

as Tuff (nonlinear) and Granite (nonlinear) in the figure, were omitted from regres-

sion analysis for reasons discussed in Reference IV-2.27.

Table IV-2.3. Scaled free-field ground motion and pres-
sure in the hydrodynamic region - alluvium
(Reference IV-2.27).

Scaled Range Pressure Particle Velocity Gauge Type
m/kt / 3ft/ktl/t kilobar m/s9ec ft/sec

2.39 7.84 565±10 4404 14450 Ring
2.76 9.06 295±25 3475 11400 Ring
2.85 9.35 475±50 4148 13610 Ring
3.19 10.47 196±20 2734 8970 Ring
3.26 10.70 120±20 1948 6390 Ring
3.44 11.29 300±30 3505 11500 Plexiglass
3.50 11.48 188±15 2658 8720 Ring
3.78 12.40 162±15 2402 7880 Plexiglass
3.91 12.63 140±15 2170 7120 Ring
4.00 13.12 167±15 2451 8040 Plexiglass
4.06 13.32 130±15 2060 6760 Ring
4.22 13.85 90±10 1554 5100 Plexiglass
4.30 14.11 187±15 2646 8680 Plexiglass
4.34 14.24 56±5 1225 4020 Ring
4.55 14.93 78±10 1454 4770 Ring
4.72 15.4, pO±5 1175 4840 Ring
4.80 15.78 81±5 1487 4880 Ring
5.25 17.23 72±-5 1393 4570 Ring
5.34 17.52 27±5 811 2660 Ring
5.43 17.81 37±5 988 3240 Ring
5.60 18.37 76±5 l4C3 4700 Plexiglass
5.90 19.36 75±5 1420 4660 Plexiglass
6.14 20.14 45±5 1094 3590 Plexiglass
6.25 20.51 20±5 661 2170 Quartz
6.27 20.57 30±5 872 2860 Ring
6.63 21.75 25±5 771 2530 Ring
6.69 21.95 13±5 274 900 Ring
6.77 22.21 20±5 661 2170 Ring
6.85 22.47 26±5 792 2600 Plexiglass
7.58 24.87 15±5 335 1100 Ring
7.66 25.13 22±5 707 2320 Ring
7.88 25.85 54±5 1201 3940 Plexiglass
8.25 27.07 22±5 707 2320 Ring J
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Table IV-2.4. Scaled free-field ground motion and pressure in the hydrodynamic
region - tuff and granite (Reference IV-2.27).

JScaled Range Pressure Particle Velocity Rock

m/ktl/' ft/kt"/' kilobar m/sec ft/sec Gauqe Moisture
TUFF

3.14 10.3 212±20 2301 7550 Ring Wet
3.63 11.9 140±10 1750 5740 Ring Wet
3.89 12.8 125±15 2079 6820 Ring Dry
4.88 16.0 40±i0 1049 3440 Ring Dry
8.05 26.4 14±5* 719 2360 Ring Dry
8.71 28.6 28* 472 1550 Manganin Saturated

14.6 48 8* 180 590 Ferroelectric Saturated
16.2 53 5* 96 315 Ferroelectric Saturated
29.0 95 2.2* 44 144 Ytterbium Saturated
30.2 99 2.4* 48 157 Ytterbium Saturated
35.1 115 1.8* 35 115 Ytterbium Saturated

41.1 135 1P2* 24 79 Ferroelectric Saturated
43.3 142 1.4* 28 92 Ytterbium Saturated
45.7 150 1.1* 21 69 Ytterbium Saturated
49.7 163 0.8* 16 52 Ferroelectric Saturated

GRANITE

2.50 8.2 620±48 3300 10830 Impedance Match
2.83 9A3 660 3400 11155 impedance Match
3.05 lo.0 300±80 1900 6235 Impedance Match
3.23 10.6 450±50 2600 8530 Impedance Match
3.60 11.8 137 900 2955 Impedance Match

10.2 33.6 41±5* 276 906 Quartz
15.4 50.4 14±5* 94 309 Quartz
23.5 77.0 7.5* 53 175 Quartz
35.7 117 4.0* 28 93 Quartz
51.3 168 1.25* 8.8 29 Quartz

*Data omitted from hydrodynamic response regression analysis.

Regression equations for these data were obtained by Perret and -'ass (Reference

IV-2.27).

--2.96±0.19

p = 7.71 x 103 (R/W ) /3 (IV-2.18)

where p is the pressure in kilobars, R is the radial distance in meters, and W is

the explosive energy in equivalent kilotons of TNT; and

( )-1.87±0.05

u = 2.43 x 104 R/W1/) '- (IV-2.19)
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where u is the particle velocity in m/sec and R and W are as defined above. The

fractional standard deviation for the exponent in Equation IV-2.18 is 6.4 percent;

in Equation IV-2.19 it is 2.7 percent. Variance 'actors for the coefficients are

1.34 and its reciprocal for Equation IV-2.18, and 1.11 and its reciprocal for Equa-

tion IV-2.19. The variance of the coefficient is defined by the standard devia-
tion of the common logarithm of the coefficient. The antilog of this deviation

and the reciprocal antilog are the applicable variance factors.

This analysis of pressure data indicates that in the range from 700 to about

10 or 20 kilobars, the pressure decreases as the inverse 2.96 power of scaled

distance in good agreement with the theoretical attenuation for hydrodynamic

response as the inverse cube of distance. It also indicates that particle velocity

derived from hydrodynamic region pressures by the Hugoniot equation of state is

attenuated as the inverse 1.87 power of range or roughly as the inverse square of
range.

Pressure data from both the transition region between the hydrodynamic and

the plastic response and from the plastic response region are represented in

Figure ID-2.11 by the points below 10 kilobars. Of these data, those from

explosions in granite are greater than those from shots in tuff by a factor of

about 2.2, but the attenuation rate is essentially the same as that for all

particle velocity data as indicated by the dash-dot lines which have been drawn

through these pressure data parallel to the velocity regression curve. Evidently,

pressures below 10 kilobar must be related to particle velocities by a constant

factor, but above that stress level there is a variable relationship which changes

with pressure. However, both the Hugoniot equation of state for the hydrodynamic

region, that is, at pressures above 10 to 20 kilobars, ana the relationship betwe-

en shock front velocity and particle velocity indicate that, in hydrodynamic shock,

pressure and particle velocity are not related by a simple factor because the

propagation velocity, Us, varies with pressure, and density behioid the shock front

must also depend on pressure.

Beyond the hydrodynamic response region and in fact into the region of non-

linear and linear response, both the propagation velocity and the den3ity remain
constant at least through the initial peak levels, and stress throughout this

region is related to particle velocity by a constant factor, the seismic impedance,

which is the product of density and propagation velocity.
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The differences in pressure levels in different types of rock previously

noted in data below 10 kilobars are absent in the higher pressure data. The explan-

ation of these phenomena lies in the different porosities and strengths of the rocks

and in the fact that at stress levels sufficiently high to cause hydrodynamic

response to the loading, neither porosity nor strength, whic.h derive from the cry-

stalline and macrostructure of the rock, exist to differentiz ;e response of the

rock to hydrodynamic shock. However, in the regions of lower stress beyond that

of hydrodynamic response, these properties of the rocks exercise strong control

over response to transient loading.

IV-2.3 FREE-FIELD GROUND MOTION IN THE NONLINEAR REGION

IV-2.3.1 Measurement Techniques

it was noted earlier that in regions o1 lonlinear and linear response of rock,

mpeasurement of motion rather than stress provides more reliable results. Measure-

merits of transient stress in a rock environment require a continuous, good bond-

ing between the gauge and rock and a good match of seismic impedance as well. In

the regiron of hydrodynamic response, this requirement must be met for extremely

short periods during an early portion of the rise to the shock wave peak for time-

of-arrival measurements. In the transition zone between hydrodynamic arid non-

linear response where stress-history gauges may survive passage of part or all of

the transient, the duration time is still very short and gross motions produced

by the stress wave have only a minor effect on the match between the gauge and

the rock impednance during the period.

However, in the regions of nonlinear and linear response, rise times increase

from fractional milliseconds to ters of milliseconds, and both dispersive effects

and absorption of high frequency componernts broaden the peaks and the decay por-

tions of the transient. A consequence of this is that gross motions, which can

be adequately registered by motion sensitive gauges bonded securely to the rock,

result in variations in gauge-rock bonding and impedance match with questionable

stress gauge response. In general, motion-histories derived from the more

sophisticated thecretical calculations agree reasonably with records from motion

gauges such as accelerometers or particle velocity gauges This discussion does

not imply that impedance matching between rock, bonding material, and gauge may

be ignored in free-field motion measurements in the regions of nonlinear or linear

response, but simply that such measurements are much less sensitive to mechanical

consequences of passage 7f the broadened stress wave than are stress measurements.

IV-2-37



Both accelerometers and particle velocity gauges used in the Sandia Laboratory

measurements were simple mass-spring or pendulum systems suitably damped to produce

the desired response and equipped with electronic devices to translate motion to

electric output corresponding directly to the motion within a frequency band

broader than that of the relevant motion. Accelerometer mass-spring systems were

damped to about 0.7 times critical and responded with constant sensitivity over a

frequency range bounded by zero Hz and half the natural frequency of the mass-

spring system. This latter gauge parameter ranged from about 50 Hz for low range

(about l-g full scale) to more than 10 kHz for high range (more than 10' -g full

scale) accelerometers. Particle velocity gauges employed pendulums grossly over-

damped, about 100 times critical, and capable cf sensitivity adjustment from 15

cm/sec to more than 30 m/sec full scale over a frequency range from about C. !z

to 200 Hz (Reference IV-2.32 - Appendix A).

IV-2.s.2 Free-Field Ground Motion in Alluvium

Free-field ground motion has been recorded for seven contained underground

nuclear explosions in desert alluvium at the Nevada Test Site and for one under-

ground chemical cratering explosion at NTS. Horizontal shot level instrument

arrays were used for five of these events: SCOOTER (Reference IV-2.16), FISHER,

HOGNOSE, HAYMAKER (Reference IV-2-59), and MERLIN (Reference IV-2.12) and vertical

radius arrays were used in four of them, MERLIN, VULCAN, HUPMOBILE (Reference

IV-2.18), and PACKARD (Reference IV-2.26). In two cases, HOGNOSE and HAYMAKER,

gauge arrays were near but not at shot depth. Because alluvium events all involved

emplacement of explosives at the bottom of deep borings or shafts, the vertical

instrument arrays nearest surface zero were in borings offset about 10 m from the

emplacement boring.

JV-2.3.2.1 Scaled Acceleration Analysis. Scaled acceleration data from alluvium

events are plotted in Figure IV-2.12. Data fr;,.i each event is distinguished by a

specific symbol. Data from the MUD PACK Event (Reference IV-2.11) are included in

this figure and the corresponding alluvium plots of particle velocity and displace-

ment for apparent reasons which are discussed later. The MUD PACK Event was 6et-

onated in a dry tuff environment. In Figure IV-2.12 and the succeeding data plots,

linear regression fits to the data are plotted as solid lines and 90 percent

confidence limits for the fit are shown as dashed lines. In many cases, certain

data were omitted from the regression analysis because of anomalous conditions

either in the instrumentation or the recorded motion. Such on~itted points are in-

dicated by underlining ol" the symbol.

IV-2-38



S| I~ | [ I II l *I I I I I li i

- o _DRY ALLUVIUM
104 o SCOOTER

@ FISHER
@ HOGNOSE
9 HAYMAKER
7• MERLIN
A VULCAN
o HUPMOBILE
_ PACKARD
I MUD PACK

S 102-,• •I

•I \ I

S i01 0

_r ,

LhJ

_ ,
- I

10

10-

10 10 10

SCALED SLANT RANGE (m/l k/13)

Figure IV-2.12. Attenuation of scaled ac-
celeration - dry alluvium
(Reference IV-2.27).

IV-2-39

,, .. • .... . . . . .... . .. . .... . • - -, - -. ... . --. - -.. -- -,. , -. •-,-,. • , •-•--- .. .- - _. : • • . •. . . i - i - '



Where a complete set of data have been omitted from analysis, as were the MUD PACK

data in Figure IV-2.12, the symbol in the legend block has been underlined. In

some cases, a separate regression fit for an omitted event is plotted without con-

fidence limits, as in Figure IV-2.12.

Alluvium acceleration data in Figure IV-2.12 fall into two groups; those at

scaled distances less than 80 m/kt'/3 are attenuated at a much faster rate than

those at scaled distances greater than 60 m/kt'/'. The overlap recognizes that

dny transition in attenuation pattern is not a discontinuous process and that the

use of linear fits to the data represents a simplifying approximation. Over a

scaled range interval from 20 tu 80 m/kt'/3, scaled acceleration peaks fall off

"according to the equation

S)__5, 78_±0,47

a.Wl/ 3 = 2.24 x 10'' R/WI/'I (IV-2.20)

where scaled acceleration, aw/3 is in gkt/ 3  scaled slant range, R/V'/ 3  is

in m/kt"/', and W is the explosive energy yield in equivalent kilotons of TNT. The

coefficient of this equation, which represents the intercept of the fit at R/WI/3

equal to unity, has a variance defined by the factors 6.39 and its reciprocal;

hereafter in quotation of variance factors the reciprocal is understood. The

exponent has a fractional standard deviation of 8.1 percent.

Over the interval from 60 to 350 m/kt"/ in slant range, the regression

equation is

a.W'/' 4.79 x 10 R/W1/3 (IV-2.21)
21

Variance of the coefficient is described by the factor 2.34. Fractional standard

deviation of the exponent is 8.4 percent.

IV-2.3.2.2 Particle Velocity Analysis. Particle velocity data from the alluvium

events are plotted as a function of scaled slant range in Figure IV-2.13. Here,

some individual MUD PACK data were not included in the analysis so that only omit-

t'd points are underscored rather than the legend symbol. These underscored MUD
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PACK points represent data recorded at stations in carbonate rock beneath the tuff

shot environment.

In this plot there are again two phases in the regression fit. In the first,

at scaled ranges between 30 and 150 m/kt"/', the least-squares fit is represented

by the equation

/\-3.27±0.166(R/W1 /3 '27°1

u, = 1.52 x 106 (IV-2.22)

where ul represents particle velocity in m/sec and other terms are as previously

defined. The variance of the coefficient is given by the multiplier 1.96.

Fractional standard deviation of the exponent is 4.9 percent.

The second segment of these data, which covers the scaled slant range interval

from 100 to 350 m/kt'/ 3 and includes some of the MUD PACK data in the analysis, is

described by the regression equation

I -1.16±0. 14

U2 3.86 x 10 R/W1/3 (IV-2.23)

where the coefficient variance multiplier is 2.09 and fractional standard deviation

of the exponent is 12 percent.

IV-2.3.2.3 Scaled Displacement Analysis. Scaled displacement data from the

alluvium events are plotted against scaled range in Figure IV-2.14. In this plot,

all SCOOTER scaled displacements and specific MUD PACK data have beer excluded

from the regression analyses. Again, there are two phases in the analysis, of

which the first, representing scaled ranges between 40 and 150 m/ki/I, fits the

equation

, ~-3.04±0 .20

d =W'/: 3.44 x 106 (R/W'/3 ) (IV-2.24)
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where d/W1/3 is the scaled displacement peak in cm/kt'/'. Variance of the coef-
ficient is defined by the factor 2.42 and fractional standard deviation of the

exponent is 6.6 percent.

The more remote scaled displacement data for alluvium withit ,caled ranges

between 100 and 350 m/ktl/' and including more than half of the MUD PACK data

yield the equation

d/W/= 2.22 x 102 R/W1/3) (IV-2.25)

deviation of the exponent is 9.9 percent.

IV-2.3.2.4 Discussion. A few pertinent facts which are evident in these plots

and analyses merit discussion at this point. It is evident that SCOOTER accelera-
tions fall amnni those observed durina the other events. that ^COOTER particle

velocities are in general higher near the upper 90 percent confidence limit, and

that scaled displacements from SCOOTER exceed all others at the same slant range

by a factor of at least two and fall well beyond the confidence limit plotted in
Figure IV-2.14. The explanation for this probably is related to the fact that

SCOOTER depth of burst is roughly 10 percent of that of tne contained explosions.

Consequently, for SCOOTER geostatic pressure is considerably iess, bulk density
is low and in the looser particulate material greater particle velocities and

displacements may develop. Scaled rise times show that, in general, for accelera-

tions this parameter is roughly the same for all events, for particle velocities
it is greater for SCOOTER, and for displacements scaled rise times are even greater

for the shallow event. It is also possible that the difference in explosives may

have contrib!ited to this difference, because of residual gases from the TNT explo-

sion, but this effect would be somewhat mitigated by venting of SCOOTER as it
cratered.

MUD PACK data do not belonq in the alluvium analysis because that explosive

vas placed in dry tuff 30 m above the paleozoic rock io Area 8 at NIS. However,

cores from instrument borings adjacent to the MUD PACK shot hole included several

units of extremely friable, porous ash-flow tuff which probably responds much more

like alluvium in the nonlinear dcmain than would the more common zeolitized tuffs

of NTS. These very weak tuff cores were from the vicinity of the MUD PACK shot
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depth. Scatter in MUD PACK data is large, but it tends to correlate with geologic

materials at specific instrument locations. Thus, stations in the carbonateI
paleozoic rock show motions much smaller~ than those in tuff at comparable scaled

range, in keeping with both rock response and with energy losses due to reflection

at the tuff~-carbonate interface. The MUD PACK data appear to follow a pattern

similar to those from SCOOTER in that scaled accelerations are all distinctly
lower than those from the other alluvium events, and particle velocities and

scaled displacements fall generally among the alluvium data from the other nuclear

events.

IV-2.3.3 Free-Field Ground Motion in Dry Tuff

Seven events from which free-field ground motion data were obtained were

considered to have been detonated in "dry tuff." This definition of the shot

environment is at best arbitrary. The category might more precisely have been~

* called "not very wet tuff" since laboratory and theoretical studies of response

3f porous rocks to high stress transients differs little as mioisture content is

increased up to about 90 percent of saturation but changes radically between 90
and 100 percent saturation, where saturation implies that all pores are filled

with liquid water. Dry tuffs may, ther'efore, be within the moist zone but well
above the water table.

Examination of cores and outcrops of tuff at NTS indicates that this type of
rock ranges from extremely friable grainy material hardly distin~guishable mechi-

anically from weakly cemented or consolidated sandy alluvium through varying
degrees of cementation and vitreous bonding to dense welded tuffs which have

seismic impedance similar to that of limestone and dolomite. Consequently, events

assigned to the dry tuff category are limited to those detonated in tuff well above

the water table, and none was located in high impedance welded tuff.

All dry tuff events were detonated at NTS either in Area 12, Rainier Mesa,

or in Arei 8. All three types of instrument station array were used: shot level,
vertical r~adius, and offset vertical arrays.

Classified yields of some events have required that their identification be
limited to a letter rather than the event name to permit unclassified use of the

scaled data in this report.

Identification of the DISCUS THROWER shot environment as dry tuff prompts

some explanation as a consequence of the BANEBERRY Event. The latter explosion

was much more effectively coupled to the rock than expected and produced much more
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vigorous motion. Subsequent investigation indicated the presence of a significant
quantity of saturated montmorillonite within the tuff surrounding the BANEBERRY

explosion. It is noted, however, that DISCUS THROWER, in addition to being some

300 m north of and deeper than the BANEBERRY shot, was in tuff appreciably beyond

the limits of the montmorillonite bearing formation and that water content of the

tuff at and near the DISCUS THROWER shot point was significantly below the 95

percent saturation which would have influenced rock response toward that typical

of the wet tuff classification.

IV-2.3.3.1 Scaled Acceleration Analysis. Scaled acceleration data were available

from only four of the dry tuff events because only velocity gauges were employed

at free--field motion stations for the other three. These acceleration data are
plotted versus scaled range in Figure IV-2.15. Data from the RAINIER (Reference

IV-2.7), EVANS (Reference IV-2.6), and DISCUS THROWER (Reference IV-2.17) Events

are treated separately from those from the MUD PACK Event because the latter are

generally lower by an order of magnitude.

Regression analysis of the data from the first three events was performed in
two linear phases. The first, applied to the scaled slant range interval between

40 and 150 m/ktl/3, resulted in the equation

awWr/n 4.90 x 10 R/WI/3 (IV-2.26).

where variance of the coefficient is given by the factor 4.33 and fractional

standard deviation of the exponent is 6.9 percent.

"The second phase linear regression to these data covers the scaled range

interval from 100 to 500 m/kt"/ and is described by the equation

/1. 9 2+0 14

2.W/3= 7.71 x 104 (R/W1/ ) (IV-2.27)

where the multiplier 2.12 defines variance of the coefficient and 7.4 percent is

the fractional standard deviation of the exponent.

A
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IV-2.3.3.2 Particle Velocity Analysis. Particle velocity data plotted in Figure

IV-2.16 are available from all seven dry tuff events, but those from MUD PACK
are again about an order of magnitude below those from the other events and are
analyzed separately. Linear regression of data from the remaining six dry tuff
events yielded the equation

u = 1.85 x 10'" R/W'/3) (IV-2.28)

over the full span of scaled range from 40 to 500 m/ktl/s The multiplier 1.81
4

defines variance of the coefficient and fractional standard deviation of the
exponent is 5.6 percent.

IV-2.3.3.3 Scaled Displacement Analysis. Data plotted in Figure IV-2.17 represent
all available peak displacements from the underground explosions in dry tuff.

Scatter is unusually great, as indicated by the 90 percent confidence limits which

span ahout an order of magnitude near the midpoint of the slant range data. MUD

PACK data are again low by an order of magnitude and arc analyzed separately.

Linear regression of scaled displacement data from the dry tuff events,

omitting MUD PACK, leads to the equation

d/W/= 3.80 x 105 R/W1/3) (IV-2.29)

where the fractional standard deviation of the exponent is 9.6 percent and variance

of the coefficient is encompassed by the multiplier 3.11 and its reciprocal. This
applies to the span of scaled slant range between 100 and 500 m/ktl/"

Displacement data from six of the DISCUS THROWER stations are lower by a
factor of nearly 10 than those from either the other DISCUS THROWER stations at
about the same scaled range or from other events in dry tuff. These low data points

represent motion within the carbonate rock below the tuff or from the tuff-carbonate

interface and reflect the decreased pore volume and greater rigidity in the underly-

ing paleozoic rock. This effect is hardly discernible in the acceleration data,
Figure IV-2.15, and is considerably smaller by a factor of about 1.5 in the particle
velocity plot, Figure IV-2.16, than in the scaled displacement data, Figure IV-2.17.
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These differences also reflect the relatively shorter scaled rise time! for displace-

ments at the DISCUS THROWER p..!eozoic rock stations *than at stations in tuff. The

very distant DISCUS THROWER stat;ons in tuff show rise times smiliar to those ili the

denser rocks, probably because early portions of the signal are transmitted aver a

refracted path through the underlying, higher impedance carbonate roc-

IV-2.3.4 Free Field Ground Motion in Wet Tuff

Of the 14 contained underground nuclear explosions in wet tuff for which free-

field ground motion data are available, eight were detonated in deep borings in

tuff below the water table in Areas 2 and 9. At CNSTS, one was above the water

table in drier tuff and the remainder were in tunnel complexes within Rainier
Mesa. In one case, Event L, the water content was probably at or just below the

critical range, and data suggest response more nearly like dry than wet tuff. TuIff

at that site was also unusually porous. However, at the nearby site of Event M

saturation of the tuff was almost complete. Event I, above the water table, prob-

ably should have been included with the dry tuff events.

Data from seven of the events in deep borings were derived from offset verti-

cal instrumentation arrays whi:h included stations above shot level in dry tuff,
near shot level in wet tuff, and, in four cases, one station in deeper carbonate
rocks. A few events involved one or two shot level stations. Six events included

vertical radial arrays in adjacent borings. Many of the stations in these vertical

arrays were in dry tuff or dry alluvium.

Data from all events in Rainier Mesa tunnels were derived from shot level

stations.

SIV-2.3.4.1 Scaled Acceleration Analysis. Scaled acceleration data are available

from only 10 events detonated in wet tuff. These data, plotted in Figure IV-2.18

versus scaled slant range, appear tn lie in two groups, one approximately an order

of magnitude below the other. This separation of data suggested separate regres-

sion analyses because it appears that, with two exceptions, Events H and L, those

data which fall ir the lower group derive from offset vertical array stations

either above the water table or in underlying carbonate rocks. The linear regres-

sion fit to wet tuff acceleration data (uppermost group) resulted in the equation

for scaled ranges between 30 and 600 m/kt'
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2 .61±0 .17aWi/X 4. 107IO n/Wi/3
a / 4.31 (IV-2.30)

Variance of the coefficient is expressed by the factor 2.21 and fractional standard

deviation is 5.8 percent.

A similar regression fit to the lower set of data yielded, for the scaled

slant range span of 30 to 200 m/kt./ 3 , the equation

\ 2 . 02±0 .2 9

a.W=/' 2.05 x I0s R/Wi! 3  (IV-2.31)

where variance of the coefficient is given by the factor 3.66 and fractional

standard deviation of the exponent is 14.3 percent.

Data for this second analysis represent stations from dry tuff above the
saturated tuff shot environment, from Event L, which was in exceptionally porous
wet tuff that may have been near the lower limit of saturation for that classifi-

cation, and from stations above Event H, which were in a region above the water
table in tuff and alluvium. Comparison of Equation IV-2.31 and Equation IV-2.27

for dry tuff at a somewhat more remote spread of scaled ranges indicates that the

exponents -2.02 and -1.92 differ by less than either standard deviation and the

intercepts (coefficients) differ by a factor of about 2.6, greater tian the vari-

ance in Equation IV-2.27, but much less than that in Equation IV-2.31.

High frequency components of motion are attenuated by absorption in dry

porou: or particulate materials at a considerably higher rate than in similar

water saturated materials, and acceleration transients are much more sensitive Wo

the loss of high frequency components of motion than are particle velocities or

displacements. Consequently, it seems likely that the data represented by Equa-

tion IV-2.31 were derived either from explosions which were within tuff of water

content below 90 percent saturation or from stations sufficiently remote in dry

tuff or alluvium to receive acceleration transients similar tL those from explo-

sions in dry tuff.

IV-2.3.4.2 Particle Velocity Analysis. Particle velocity data from all wet tuff

events, as plotted in Figure IV-2.19, do not suggest the definite segregation
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indicated by the acceleration data. However, there are a number of individual

points, data from Event I and the shorter range velocity data from Event L, which

are significantly low. These low points, especially those representative of sta-

tions in carbonate rock or dry tuff, have been omitted from the regression fit to

velocity data which yielded, for the scaled ranges between 30 and 600 m/ktl/3, the
equation

u = 6.61 x 103 (R/W1/3) (IV-2.32)

In this equation, the coefficient variance is relatively low, the multiplier is

1.56, and fractional standard deviation of the exponent is only 5.8 percent. How-

ever, the span of the 90-percLnt confidence zone is nearly an order of magnitude,

roughly comparable to those for the dry alluvium and dry tuff velocity data.

IV-2.3.4.3 Scaled Displacement Analysis. Like the particle velocity data, the

scaled displacement data from wet tuff events, Figure IV-2.20, fail to show a

significant differentiation such as that indicated by acceleration data. A few

low data points and those from Event L have been omitted from the regression

analysis of scaled displacements which resulted in the equation

/ \2.63±0. 19

d/N/ = 4.90 x 10 R/WN/3 {IV-2.33)

for which fractional standard deviation of the exponent is 7.2 percent and vari-

ance of the coefficient is expressed by the factor 2.63. This fit to the scaled

displacement data covers scaled ranges between 50 and 600 m/kt /3.

IV-2.3.5 Free-Field Ground Motion in Hard Rock

The term "hard rock" as noted earlier is a catchall term for rocks of high

seismic impedance, about 100 to 150 gm/m 2 sec, and .generally occurs in massive,

though often stratified deposits. Of the eleven hard rock underground nuclear

explosions, four, HARD HAT (Reference IV-2.58), SHOAL (Reference IV-2.25), PILE

DRIVER (Reference IV-2.8), and GNOME (Reference IV-2.24). were in deep tunnel
complexes reached through access shafts and all were instrumented with both
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shot level and vertical radius station arrays. The others, all emplaced in deep
borings, were instrumented with vertical radial arrays. SALMON (Reference IV-2.62)

and HANDCAR (Reference IV-2.lO) instrumentation included offset vertical arrays

which incorporated a shot level gauge station array, and that for BOXCAR included

two remote shot level stations. Because of the wide variety of rock included in

this category, or because a few events included stations installed in lower imped-

ance rocks than that in which the explosion occurred, or because such things as

low impedance strat-a or thick fault zones filled with clay gouge occurred between

the explosion and some stations, there are sets of data or individual points which

differ sufficiently from the general trend of more numerous data to suggest their

omission from the regression analysis or their separate analysis. In particular,

the SALMON and HANDCAR Events indicated both separate analysis of the data set and

omission of specific points.

IV-2.3.5.1 Scaled Acceleration Analysis. Scaled acceleration data from the hard

rock events, Figure IV-2.21, were divided into two sets, and the SALMON free-field
data were analyzed separately. The regression equation for hard rock acc-lera-

tion in the scaled range from 40 to 200 m/kt'/' is

)--4.35±0-32a.W'/' 6.20 x 10ol R/W'/3 (IV-2.34)

with coefficient variance expressed by the factor 4.06 and fractional standard
deviation of the exponent given by 7.3 percent. The data in this analysis includ-

ed many relatively low points from the HANDCAR and BOXCAR Events but did not

include SALMON data.

Regression analysis of the hard rock scaled acceleration data within the inter-

val from 90 to 2200 m/ktl/3 but exclusive of SALMON data and the points underscor-

ed in Figure IV-2.21 gave the equation

a.W11 9.29 x 10 6 R/W1/3 (IV-2.35)

where the fractional standard deviation of the exponent is 3.4 percent and the

variance factor for the coefficient is 1.56.
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IV-2,.3.5.2 Particle Velocity Analysis. Hard rock free-field particle velocity

data appear to be more closely packed han do similar data from explosions in the
.1-

lower seismic impedance rocks. However, HANDCAR data are generally lower and
SALMON data higher than those from other events and, together with the underscored

points in Figure IV-2.22, have been omitted from regression of the general data set.
HANDCAR particle velocity data were analyzed separately, but SALMON velocity data

were not. Regression analysis of the remaining hard rock velocity data yielded

the equation

u = 1.81 x 104 R/W/3) (IV-2.36)

where coefficient variance is defined by the multiplier 1.39; fractional standard

deviation of the exponent is 4.1 percent. This equation holds for the scaled slant

range span from 40 to 2200 m/kt'/'.

IV-2.3.5.3 Scaled Displacement AnalysiL. Scaled displacement data from all hard

rock events are plotted in Figure IV-2.23. SALMON displacements fall well within

the scatter of other data sets, and only a few HARD HAT and HANDCAR points have
been underscored for omission from the regression aralysis. The equation for this

analysis, which holds for scaled ranges betweei, 70 and 2200 m/kt /3, is

d/W1 3 = 8.72 x 104 R/W1/) (IV-2.37)

for which the coefficient variance is defined by the factor 2.08 and fractional

standard deviation of the exponent is 7.5 percent.

IV-2.3.6 General Discussion

Review of the data plots, Figures !V-2.i2 through IV-2.23, and of the regres-

sion equations pertinent to these data indicates that the most extreme scatter of

data and consequently greater variances occur for events in which either some
gauge stations were emplaced in rock of very different seismic impedance from that

in which the explosive was emplaced or the environmental rock at the shot point

was probably transitional between two categories, as in the case of the dry friable
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tuff at the MUD PACK site and the incompletely saturated wet tuff at the Event L

location. In many-cases, data which derived from such conditions were omitted

from analysis, but in others knowledge of the real situation at a gauge station or

shot point was not sufficient to justify deletion of the dpta from analysis. In

some cases where a complete set of data has been omitted from analysis, a separate

regression has been undertaken to those data sets.

The SCOOTER displacement data, Figure IV-2.14, were found to fit the equation

)-2.30±0.21

d/W1/3 = 8.79 x 10 R/W'/3 (IV-2.38)

with a 9.2 percent fractional deviation of the exponent and a coefficient variance

multiplier of 2.55.

MUD PACK data, in addition to being derived from some stations in much higher

impedance rock than the shot point material and evidently fitting the dry alluvium

category better than the dry tuff one, are characterized by very broad scatter.

Regression equations for MUD PACK peak motion data are

S)-2.64±0.1•7

a.W/3 = 1.83 x 10 R/W1/3) (IV-2.39)

where the variance multiplier for the coefficient is 2.26 arid fractional deviation

of the exponent is 6.5 percent, Figure IV-2.15;

S= 1.48 x 102 \R/W1/ 3  (IV-2.40)

with a coefficient variance factov of 3.42 and a fractional standard deviation of

the exponent of 17.7 percent, Figure IV-2.16, and

d/W1/3 = 2.35 x 102 (R/WI/3 -)" (IV-2.41)
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with a coefficient variance multiplier of 9.34 and a fractional standard deviation

of the exponent equal to 38.6 percent, Figure IV-2.17. It is evident in the figures

that scatter is least among MUD PArK scaled accelerations where the variances are

not very different from those of the other dry tuff data although magnitudes are

significantly below other dry tuff values, but scatter is very broad in both the

particle velocity and displaceme:nt data from MUD PACK and variances are exception-

ally large in both regression fits.

Separate analysis of SALMON scaled acceleration data, Figure IV-2.21, yielded

the regression equation

t..,3( 1' -2.52+0.11

a-W'/3 1.33 x 10' R/W1/3 (IV-2.42)

where the variance factor for the intercept is 1.79 and fraction standard devia-

tion of the exponent is 4.2 percent.

Finally, separate analysis of HANDCAR particle velocity data gave the equation

1 8-, 7± 0 .18

u = 1.35 x 104 R/W1/3) (IV-2.43)

with an intercept variance factor of 2.39 and an exponent fractional standard

deviation of 9.5 percent.

It must be recognized that, although throughout this analysis and discussion

of free-field ground mnotion data, apparently anomalous results have been considered

a consequence of environmental anomalies. It is also possible, where complete

sets of data such as those just analyzed are above or below the general family of

data for a particular environment, that an erroneous value of explosive yield has

been used in scaling data. A low yield will shift scaled quantities toward higher

values arid a high yield toward lower ones. This argument does not serve very well

where only one motion parameter, such as the SCOOTER scaled displacement or SALMONii scaled acceleration, is anomalous, but it can find support in the MUD PACK analysis

where all three data sets are lower than the dry tuff data from other events. The
second criterion for comparison of these data is the slope of the linear fit, that
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is, the exponents. If these are closest to those of the assumed or prescribed

environment, then the assumed yield and consequently the scaling ft.ctor may again

be in doubt. However, energy yields of most explosions are establisL,-J by diagno.-

tic measu'ements well within a factor of 2 Pid the change in scaling factor for

doubling or halving yield is only about 26 percent, •o that anomalies in scaled
data of the order of 2 or more are most likely caused by differences or uncertain-

ties in environmental characteristics.

It is of interest to tablulate the intercept coefficients and exponents of the

regression equations for the various motion parameters and their variance factors,
Table IV-2.5. In this tabulation, scaled accelerations have been separated into

4 those derived from the ,horter scaled ranges and those from the more remote sta-

tions. The wet tuff scaled accelerations characterized earlier as being derived
from events in rock of transitional water content have been omitted from the table.

The equations for shorter range fits to particle velocities and scaled displace-

ments have not been separately listed because such separation was undertaken for
the alluvium environment only and even there its justification for particle velo-.

city *is questionable.

Evidently exponents of scaled accelerations in the shorter ranges are con-

siderably greater than for the more remote data in all Dut the wet tuff events.
This implies that in each of these environments loss of higher frequency compon-

ents was significantly greater near the beginning of the region of nonlinear

response than throughout the remainder. Fractional standard deviation of expon-

ents for close-in scaled acceleration is comparable with those from most of the

other data, but since the exponents are larger, the intercept variai'ces for these
acceleration data are greater than for any others.

The more remote scaled accelerations appear to be attenuate.- as the inverse
square of scaled range in alluvium and dry tuff and as the inverse 2.5 power :n

wet tuff and hard rock. Average variance of the exponents is a little over 5 per-

cent, and the mean intercept variance factor is about 2.1.

Particle velocity data for most environments are attenuated nearly as the
inverse square of the scaled range, but the short and long range portions of the

alluvium data are very different from each other and from the other rock categories.
The exponent variance for long range alluvium data is unusually high, 12 percent.

For the tuff and hard rock data, particle velocities fall off as the inverse 1.75
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Table IV-2.5 Regression parameters for fre, ,ield ground inotion.

Standard Applicable
Intercept Variance Deviation Ran e

Motion Rock Coefficient Factor Exponent (%) rm/kt

a.W/ Alluvium 2.24xI0' 1  6.39 -5.78 8.1 20-80

a.W1/3 Dry Tuff 4.90xl010  4.33 -4.77 6.9 40-1 50

a.W 1/ 3  Hard R- k 6.20xi01 0  4.06 4.35 7.3 40-200

a.W'/3 Alluvium 4.79xI04  2.34 -2.13 8.4 60-350

a.W1 /• Dry Tuff 7.71xlO4  2.12 -1.92 7.4 100-500

a.W1/3 Wet Tuff 4.31x10 7  2.21 -2.62 5.8 30-600

a.W1/3 Hard Rock 9.29xi0 6  1.56 -2.32 3.4 90-2200

u Alluvium 1.52xi0 6  1.96 -3.27 4.9 30-150

u Al1 uvi ui-. 3.86x101  2.09 -1.16 12.0 100-350

Dry Tuff 1.85xI0 4  1.81 -1.98 5.6 40-500

U Wet Tuff 6.61x10 3  1.56 -1.56 5.8 30-600

u Hard kock 1.81lO 1.39 -1.72 4.1 40-2200

d/Wl/3 Alluvium 3.44x10 6  2.42 -3.04 6.6 40-150

d/W1/3 Alluvium 2.22xI0 2  1.72 -1.I1 9.9 100-350

d/Wl/3 Dry Tuff 3.80xi0 5  3.11 -2.20 9.6 100-500

d/Wl/3 Wet Tuff 4,90x106 2.63 -2,63 7.2 50-600

d/W1/3 Hard Rock 8.72xI0 4  2.08 -1.88 7.5 70-2200

a.WI/3 Mud Pack l.35xI0 5  2.26 -2.64 6.5 40-200

a.W*/3 Salmon l1.33x10 6  1.79 -2.52 4.2 70-450

u Mud Pack I.48xI0 2  3.42 -1.47 17.7 40-200

u Handcar 1.35xi 04  2.39 -1.87 9.5 70-400

d/W1/ Mud Pack 2.35xI0 2  9.34 -1.19 38.6 70-200

Ld/W_/3 Scooter 8.79xI05  2.55 -2.30 9.2 19-120
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power with an aveiage standard deviation of about 5.2 percent and a mean intercept

variance factor of about 1.6.

Scaled displacement for all environments is attenuated at an average rate of

roughly the inverse 2.2 power of scaled range, with a mean standard deviation of

8.2 percent. Again, omission of the alluvium data results in scaled displacement

attenuation for the tuff and hard rock environments equal to the inverse 2.2 power

of sceled slant range, with a mean standard deviation of 8.1 percent. Mean inter-

p. ;cept variance factor for all four environments is 2.4, end for the last three

materials iL is 2.6.

The apparent anomalous behavior of the alluvium data in both particle velocity

and displacement may be a consequence either of the fact that the particulate

nature of the alluvium emphasized the difference in reaction at short versus

* longer scaled ranges or that greater scatter in the other media resulted in mask-

ing of real but small differences in attenuation rates in the tuff and hard rock

data. However, it is also possible that the evident, more rapid attenuation of

particle velocity, and consequently of stress, in alluvium resulted in the onset of

linear or quasi-linear response within the scaled range of available data. This

argument is based on the assumption that within the region of linear elastic re-

sponse particle velocity and stress will decrease as a consequence of spherical

dispersion only and consequently with the inverse first power of distance.

IV-2.3.7 Comparisons

IV-2.3.7.1 Comparison of Free-Field Motion in Regions of Hydrodynamic and Non-

linear Response. Attenuation of free-field particle velocity in the

region of hydrodynamic response for all rocks, Figure IV-2.10, occurred as the

inverse 1.87 power of scaled range. Similar data from the domain of nonlinear

I response for dry tuff, wet tuff, and hard rock indicated attenuation as the
S~inverse 1.98, 1.56, and 1.72 power, respectively. Intercept coefficients in the

corresponding regression equations were roughly similar, 2.43 x 104, 1.85 x I04,
6.61 x 103, and 1.81 x 104. However, the dry tuff regression equation within

the span of pertinent data is significantly below those for wet tuff and hp-d

rock; at a scaled range of 100 m/kt/, the dry tuff fit is 2.11 m/sec as com-

pared to 4.96 and 6.51 m/sec at the same distance in wet tuff and hard rock.

Consequently, a logical comparison of particle v~locities in the hydrodynamic
and nonlinear regions should be limited to data from wet tuff and hard rock in
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a.. funtin.o.salI linea regression.was.performed.on.these

the latter region. All particle velocity dai. Lhe three data sets corre-
sponding to Figures IP-..!0, IV-2.19, and IV-2.,.:. plotted in Figure IV-2.24

as a function of scaled range, and a linear regression was performed on these

data, omitting the underscored points as in the previous analyses.

The data in Figure IV-2.24 evidently follow a single trend; there is no

obvious change in slope or transitional offset, and data from the three sets over-

lap through one decade of velocity values. In general, the principal difference

between the data sets is the greater scatter in the nonlinear region where dif-

ferences in physical characteristics of the rock can influence data significantly.

The linear fit to these data is shown in Figure IV-2.24 and is described

by the equation

u = 1.85 x I04 R/W1/3) (IV-2.44)

where the intercept variance factor is 1.12 and fractional standard deviation of

the exponent is 1.4 percent. The extent of data represented by this equation is

suggested by the fact that the nearly 350 particle velocity data range between

4.4 x lO3 and 4.3 x 10'2 m/sec and the corresponding range of stress, from nearly

one megabar to about one bar, is over five orders of magnitude.

Therefore, throughout both the hydrodynamic and nonlinear response domains

surrounding contained underground nuclear explosions in competent rock, particle

velocity decreases as the inverse 1.76 power of scaled distance, and can be very

roughly approximated by inverse square attenuation. It has been noted previously

that in the domain of hydrodynamic response, although stress is attenuated roughly

as the inverse cube of distance, variability of density and shock velocity with

stress in the equation of state results in inverse square attenuation of particle

velocity. At lower stress levels within the domain of nonlinear response, both

stress and particle velocity are attenuated at similar rates since the seismic

impedance, i.e., the product of density by propagation velocity, remains essential-

ly constant beyond the hydrodynamic regime. In this region, particle velocities

in competent rocks (high impedance) were found to be attenuated roughly as the

inverse square of scaled distance. The significant result derived from this

analysis is the strong evidence that a single continuous rate describes

IV-2-67



I I \I I . III , . 1 . .~

ROCK HYDRODYN NONLIN

\ ALLUVI UM
TUFF

3 \ __,_GRANITE _
10 ,L\ WET TUFF -

•\ = \G R A N IT E --

__\i 2, BASALT 0

SEDIMENTARY
"2 \ \ \102 V Nx \ . ..

E -0

100Lo

L-J

r~0

10 Vo\0\o,.

U-1\

- \, io\

10 " Q
-u- 1. 85 x 104 (RANS)1W 7+"0 •

- ~RANGE. 2. 4 TO 2200 mild]'T

1-2\

10 0 10 1 10 2 10•

SCALED SLANT RANGE (mlkt1/)

Figure IV-2.24. Attenuation of particle velocity in the regions
of hydrodynamic and nonlinear response
(Reference IV-2.27).
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I

attenuation of particle velocity over a peak stress range from a megabar to a bar

in a number of competent rock environments.

IV-2.3.7.2 Comparison of Motion in Different Rocks. More meaningful interpreta-

tion of differences in attenuation between a particular motion parameter in

different rock environments should be available from comparison of the regression

curves and equations. For this purpose, plots which include each regression fit

for a single parameter, as scaled acceleration, for the four rock environments
were assembled. Corresponding regression equations are grouped in tables. These

plots aid in identifying the influence of general rock characteristics on re-

sponse to the explosion induced motion.

Figure IV-2.25 includes the regression curves for scaled acceleration data

from alluvium (Figure IV-2.12), from dry tuff (Figure IV-2.15), from wet tuff
(Figure IV-2.18), and from hard rock (Figure IV-2.21). Equations for these curves

are listed in Table IV-2.6. In each rock type there are two linear regression

phases; however, those for wet tuff data differ from the others, and the lower

one is probably anomalous. Both phases of the alluvium and dry tuff lines are

roughly parallel, but the tuff lines and their intersection represent higher ac-

celeration levels than the alluvium ornes for identical scaled ranges. This situa-

tion is very likely a consequence of greater energy absorption, particularly of

the high frequency components at high stress levels in the unbonded porous allu..

vium. The wet tuff curve and both phases of the hard rock curve are roughly

similar and at much higher acceleration levels than the dry tuff and alluvium ones.

This fact confirms the anticipated lower energy losses in the competent, higher

impedance rocks.

The curves plotted in Figure IV-2.26 are those fitted to particle velocity

data from alluvium (Figure IV-2.13), from dry tuff (Figure IV-2.16), from wet tuff

(Figure IV-2.19), and from hard rock (Figure IV-2.22). The equations for these

curves are presented in Table IV-2.7. Included in Figure IV-2.26 is the general

linear fit to particle velocity data from Figure IV-2.24. Only the alluvium curve

includes two phases, of which the second with an attenuation rate near the inverse

first power suggests linear or elastic propagation beyond a scaled range of about

150 m/kt/3. Again, the alluvium curves are considerably lower than the others.

a fact which, in conjunction with the lower seismic impedance in alluvium, implies

much lower stress levels at similar scaled ranges. Of tha remaining four re-

gression curves, that for dry tuff falls below the more competent rock although
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its slope is comparable, as noted in the preceding section. The significant fac-

tor in this difference is probably the much larger proportion of gas-filled pore

volume as compared with the wet tuff and the much stronger interparticle bonding

as compared with alluvium which may have porosity comparable to tuff. Propagation

of motion through the dry tuff is inhibited by its porosity, but the stronger

bonding in the tuff also inhibits some of the losses which occur in the unbonded
porous alluvium. The wet tuff and hard rock curves lie near each other and ob-

viously near the curve for composite data. As previously noted, in these higher

impedance rocks attenuation seems to occur, in general, at a constant rate over

a very wide range of pressures.

Regression curves for scaled displacement data presented in Figure IV-2.27 are

those derived from alluvium data (Figure IV-2.14), dry tuff data (Figure IV-2.17),

wet tuff data (Figure IV-2.20), and hard rock data (Figure IV-2.23). The equa-

tions for these curves are assembled in Table IV-2.8. Of the three motion tran-

sients generated by underground explosions, displacement is not only an appreciably

longer duration phenomenon than particle velocity or acceleration but it is the

only one which may have residual nonzero values as a result of irreversible

processes. Curves for both types of tuff and for hard rock are closely grouped

and, although slopes of these lines differ, within the range of data scaled
displacements are not very different in the three rock types. However, scaled

displacements in alluvium not only appear to include two phases within the range

of data, but are lower than those in higher impedance rock by factors of 5 to 10.

The corresponding particle velocity factors coupled with a factor of 3 difference

in seismic impedance between alluvium and hard rock indicate that in the region

of nonlinear response stresses in hard rock are between 9 and 30 times those in

alluvium at the same scaled range. Further, because the alluvium is a much more
dispersive material than is hard rock, the lower stress transients are broadened and

a relatively larger portion of this transient is too small to exceed intergranular

friction and thus contribute to significant displacement.

Studies of seismic source energies of containcd nuclear underground exp.osions

(Reference IV-2.13) in various geologic materials indicate that near the onset of

linear or elastic response the ratio of available seismic energy to released explo-

sive energy is less than 0.1 percent in alluvium and between 2 and 3 percent in

hard rock and wet tuff. Energy from an explosion in alluvium is less effectively

coupled to the environment than is that for one in higher impedance rock. This
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energy has been more rapidly dissipated in transit through the alluvium to the

seismic region. The consequence must be reduced motion throughout the same region

in alluvium compared to motion in higher impedance rocks.

IV-2.3.8. Scaled Data

The problem of direct comparison of ground motion data induced by underground

explosions of widely differing energy yield requires that some form of normaliza-

tion to a common explosive energy base be applied to all data. Dimensional analysis

indicates that necessary and sufficient conditions for such normalization or scal-

ing are met by use of the cube-root of actual energy yield as the scaling fac'or

for both free-field motion parameters and distances or ranges between the measur-
ing station and explosion. The result of such scaling, using the explosive energy,
W, in terms of equivalence to energy released by a kiloton of TNT, in that normal-

ized acceleration is the actual acceleration multiplied by W"13. Stress, strain,

and particle velocify are unaltered. Distances, displacements, and times are

divided by W1/3. The results of these operations are equivalent to motion or
stress produced by one kiloton equivalent energy. It is noted here that free-field
conditions satisfy such scaling, but phenomena which depend upon such factors as
gravity or density require considerably more sophisticated procedures for analyti-

cal comparison.

All free-field stress and motion data used have been assembled in Table

IV-2.3, IV-2.4, and IV-2.9 through IV-2.27. All tables include dimensions in both

metric and British systems; meters and feet are used in all cases except displace--

ments where centimeters and inches apply. In general, the tables are self-explana-

tory. The gauge numbers quoted in Tables IV-2.9 through IV-2.27 are significant

only in identifying data with record traces or gauge stations in referenced re-

ports. In a few cases, special comments will be referenced to a table where it
seems pertinent.

The energy yields of some of the events included in these tables are clas-

sified information and might De compromised if the scaled data were associated with

the event name. However, all of these events have ur lassified coded yields; i.e.,

"L" indicates a low yield, less than 20 kt; "L-I" refers to a low-intermediate

yield of between 20 and 200 kt; and "I" indicates an intermediate yield of betwe-

en 200 and 1000 kt (I megaton). Those events for which only coded yields have been

released are designated alphabetically, but not in chronological sequence, to

provide a means for easier reference in discussion.
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The first two tables present data from the regions of hydrodynamic and plastic

response. None of these data has been identified here with a specific event. Table

IV-2.3 already rnenticned earlier includes only data obtained from underground

nuclear explosions in desert alluvium at NTS. Table IV-2.4 also mentioned earlier

includes data from similar explosions in tuff and granite. Data from quartz, man-

ganin, ytterbium, and ferroelectric gauges represent measurements from the region

of plastic response.

Data in all remaining tables are from ground motion gauges. When a report is

pertinent to an event, it is referenced in the tables, and the agencies responsible

for the data are indicated for each event- These agencies include Sandia Labora-

tories, Stanford Research Institute (SRI); Lawrence Radiation Laboratory (LRL) or,

more recently, Lawrence Livermore Laboratory (LLL); Edgerton, Germeshausen, and

Grier (EG&G); Defense Nuclear Agency (DNA); Physics International Company (PI);

and U.S. Army Engineers Waterways Experiment Station (WES). In addition to scaled

ranges, accelerations, particle velocities, and displacements, scaled rise times

are noted where available. Rise time is defined here as the time interval between

onset of motion and the first peak in a record. Residual displacements refer to

apparent stable displacement levels in those records where such a term is definable

for a period several times the transient displacement duration. Those record

numbers which include the letter "S' in the various vibles represent data from

stations on the ground surface directly above the explosion. These data obviously

do not represent free-field motion. However, essentially total reflection of the

stress at the free surface doubles the motion amplitude. Such "surface zero" data

have been included at half-value in some of the analyses, and in general the cor-

rected values fall within normal s.atter of the actual fre'-field data from the

same event.

The sign convention in these measurements is as follows: for vertical gauges

upward motion is positive, for radial gauges outward motion is positive, and for

tangential gauges clockwise motion is positive. The standard coordinate system is

cylindrical, with the vertical axis through the shot point. The exceptions to this

are the radial vector measurements or vectorially derived records which correspond

to a spherical coordinate system.

For all events which have unclassified numerical yields, that yield, the shot

depth, environmental rock, and type of installation is gi\?n. For those events

designated alphabetically, only the location, rock type, and type of installation

are given.
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Table IV-2.9 includes data from SCOOTER (Reference IV-2.16), the only non-

nuclear explosion included in this review. This was a cratering shot, as previous-

ly noted, and was included for comparison of both cratering versus contained and

chemical versus nuclear explosion effects. Tables IV-2.9, IV-2.10, and IV-2.11

include all events detonated in alluvium which have been included in this review.
Tables IV-2.12, IV-2.13, and IV-2.14 include data from all events detonated

in dry tuff. Note that for Event N several values of peak acceleration carry the

prefix for "greater than" as an indication that the record peak indicated system

saturation and in general that no true peak appears on the record, as indicated by

the uncertainty in the scaled risetime and absence of velocity data from those

gauges.

In Tables IV-2.17 and IV-2.18, certain of the measurements from COMMODORE and

Events D, F, and G were obtained from the same gauge stations in one particular

boring, U2Z-I. These stations at depths of 1100 ft (335 m), 1400 ft (427 m), 2200

ft (670 m), 2600 ft (792 m), and 3400 ft (1036 m) were in various types of rock, as

indicated by the foot notes to these tables. It is also noteworthy that the deepest

station, Z34, was probably not securely bonded to the carbonate rock although

direct evidence of this fact is lacking.

A similar situation holds for CALABASH, CARPETBAG, and Event I in Table

IV-2.18 where similarly positioned stations in borings U2Z-2 and U2Z-3 were

used for several events. Depths to these stations were 1400 ft (427 m), 1800
ft (549 m), 2000 ft (610 m), and 2400 ft (732 m), with similar identification

of the rock surrounding each station.

Data presented in 'ables IV-2.20, IV-2.21, and IV-2.22 were derived from
nuclear explosions in granite and in dolomite. All three events in granite occur-

red in tunnel complexes. The explosive for the dolomite event (HANDCAR) was

emplaced in a deep boring and the ground motion stations were positioned at various

depths in instrument borings in different types of rock, as indicated by super-

scripts and the footnote to Table IV-2.21.

The Aleutian Island of : '.iitka was the locale of the three events included

in Tables IV-2.23 and IV-2.24. These events were all detonated in volcanic rocks,

and all frep-field motion gauge stations were along approximately vertical radii,

that is, in vertical arrays offset a short distance from the shot hole. For the

MILROW (Reference IV-2.15) and CANNIKIN (Reference IV-2.14) Events, station numbers

include the approximate distance above the explosion in hundreds of feet, except
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that the uppermost stations for CANNIKIN were somewhat deeper as a consequence of

a change in shot depth. For both events, the uppermost 2 or 3 stations produced

records seriously perturbed by the surface reflection and were omitted from the

analysis.

Data in Table IV-2.25 represent two events in very different hard rock environ-

ments. The GASBUGGY (Reference IV-2.9) stations were in a single boring offset

about 460 m from the shot hole. These stations were at nominal depths of 3200 ft

(975 m), 3600 ft (1097 m), 4100 ft (1250 m), and 4600 ft (1402 m) in the several

rocks noted in the foot note. The two free-field stations associated with the

BOXCAR Event in Pahute Mesa at NTS were in deep borings approximately at shot level

and offset laterally, about 8000 ft (2438 m) and 24,000 ft (7315 m), from the

BOXCAR shot hole.

Finally, the data in Tables IV-2.26 and IV-2.27 were obtained from the two
nuclear detonations in salt: GNOME in a tunnel complex in horizontally bedded salt

and SALMON in a salt dome.

IV-2.4 SURFACE-ZERO MOTION

In this section we discuss the differences in peak vertical acceleration and

particle velocities for detonations in NTS alluvium, granite and tuff, and in salt,

obtained at the surface directly above the shot point.

IV-2.4.1 Peak Vertical Acceleration and Particle Velocity for Detonations in NTS
Alluvium*

Surface-zero motions from detonations in alluvium differ in some detailed

aspects from those associated with more competent materials as shown for example

in Figures IV-2.8a and IV-2.8b. The most important differences are a slower rate

of decay in alluvium from peak acceleration to minus 1 g. Another important dif-

ference is the appearance of a second peak of acceleration, although of lesser

magnitude, that has a longer duration than the first pulse and hence contributes

substantially to the maximum particle velocity. This second acceleration pulse is

probably a reflection from the bottom of the surface spall or from a second spall.

The example chosen for Figure IV-2.8b (CHINCHILLA) displays this characteristic

most predominantly whereas for some detonations, for example, PLATYPUS, SHREW, and

ERMINE, this secondary acceleration pulse is not evident in the data.

*Maximum vertical displacement is discussed in Section IV-2.5.3.
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Data are available on near surface-zero motions (generally within 50 ft of

surface zero) on 17 detonations in NTS alluvium. These include four shots for

which subsurface radial motion data are available. For near normal incidence of a

compression wave with a free surface one would expect the free-field acceleration

and velocity to be doubled at the surface. In Figure IV-2.28 a comparison is made

between this theoretical deduction and near surface zero vertical acceleration

data. It can be seen in Figure IV-2.28 that a considerable number of the measured

accelerations are substantially larger than given by doubling the composite radial

acceleration curve.

~ '1 30
o HAYMAKER
b DAMON I

c DORMOUSE PRIME
d CHINCHILLA II
e RACCOON

Li f PACKRAT
o. _g FISHER

q h PAMPAS
2_

W \M
" 2XFISHER RADIAL

C..)

_j n

'U~n" -- m RINGTAIL \

,• • n MINK P
"W o PLATYPUS \ \

•" p SHREW \- .Cq HOGNOSERAD

s ERMINEb;

w CHINCHILLA \

0.10
1.0 10 102

DEPTH OF BURST, IOft/kt?'/

Figure IV-2.23. Magnitude of first pulse of verti-
cal acceleration at surface zero,
scaled to 1 kt, for detonations in
NTS alluvium.
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It should be pointed out that, although the lone FISHER acceleration datum of

Figure IV-2.12 has some uncertainty in magnitude, its mean value is some three and

one-half times the magnitude indicated by the composite curve. Assuming that the

FISHER datum is representative of the extent of variations in material properties

within what is generically termed NTS alluvium and in accord with the hypothesis

which leads to the establishment of the composite acceleration curve; a second

curve has been drawn parallel to the composite curve of Figure IV-2.28 at an ampli-

tude seven times that of the free field, that is, twice the hypothesized free-field

radial acceleration curve through the FISHER datum. The data of Figure IV-2.28

fall between the two constructed curves with the FISHER surface zero datum (point g)

falling close to the doubled FISHER curve and the HOGNOSE datum (point q) falling

close to the doubled composite (HAYMAKER/HOGNOSE) radial curve. More precisely,

one group of data (the A group) appears to scattar around the HAYMAKER/HOGNOSE

curve and the second group of data (the B group) appears to scatter around the

FISHER curve. Thus, it would seem that only two sets of material properties are

involved corresponding to a grouping of test areas. It appears then that the

scatter in data observed in Figure IV-2.28 is the result of variations in material

properties rather than a failure of the scaling rules.

Figure IV-2.29 displays peak vertical velocities corresponding to the first

peak acceleration pulse shown in Figure IV-2.28. It is worth noting that the

extreme variation in the yield represented by the data of Figures IV-2.28 and

IV-2.29 is nearly 20:1 in the 1/3 power of the yield. This is the largest differ-

ence in yield for any set of data available on nuclear ground motion in a single

medium. Also shown are the doubled HAYMAKER/HOGNOSE and FISHER correlations of

Figure IV-2.13. The reason for constructing the FISHER velocity curve of Figure

IV-2.13 through the 233 m/kt'/' datum is now apparent since it corresponds to the

only FISHER acceleration data. As noted for the acceleration data, the doubled

HAYMAKER/HOGNOSE and FISHER radial correlations are lower and upper bounds, respec-

tively, for surface-zero peak vertical velocities. Without a comparison with the

free-field data one would have been tempted to draw a curve through the surface-

zero velocities at a reduced slope (approximately the inverse first power of depth)

resulting in a variable reflection coefficient at the surface. There is the con-

verse argument that the rate of attenuation of radial velocity in the free-field

should be based on the apparently lesser rate of attenuation with depth of the sur-

face-zero velocities. A combination plot of surface and free-field data could be

IV-2-98
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obtained by dividing surface motion data by two. However, this is tricky as will

be shown in the following section.

As previously noted, surface zero velocities generally consist of two peaks:

data pertaining to the first peak as shown in Figure IV-2.29, and data for the.
second or maximum peak as shown in Figure IV-2.30. For the 17 detonations in allu-

vium only three deviate markedly from the doubled FISHER radial velocity curve.
The data of Figure IV-2.30 are presented not only because of their usefulness in

range settings for field experiments, but also to demonstrate how an inconsistent

comparison (surface-zero second peaks of velocity compared to free-field first
peaks of velocity) leads to greater apparent consistency than a rigorously con-

sistent comparison such as that made in Figure IV-2.29. The maxima of Figure

IV-2.30 depend significantly on spall mechanics and hence may vary by a factor

greater than 'that shown.

IV-2.4.2 Peak Vertical Velocities for Detonations in NTS Granite and Tuff,
and in Salt

The only other "homogeneous" media for which surface motions are available is
that HARDHAT Event in granite. The data consist of accelerogram. The peak verti-

cal acceleration is almost exactly double that given by the composite curve for
granite. The peak velocity (Figure IV-2.31) is within 15 percent of the doubledgranite radial velocity correlation. The surface-zero motion for PILE DRIVER is

substantially less than that of HARDHAT. Taking these data at face value would

indicate a reflection coefficient very close to 1.0 for PILE DRIVER.

Surface-zero motions for detonations in NTS tuff (Figure IV-2.31) are
strongly influenced by the rhyolite cap rock and the intermediate transition

layers. The data are fairly sparse compared to that in alluvium and consist of
three measurements (RAINIER and ANTLER mesa surface-zero and RAINIER slope surface-

zero) and two photometric measurements of displacement (BLANCA and NEPTUNE).

The photometric measurements (Reference IV-2.58) are the result of superposition
of data from several cameras and the solid data points of Figure IV-2.31 repre-
sent the derivative of the average displacement curve. The upper limit of the

plotted data is indicative of the maximum velocity obtained by point-to-point

differentiation. The lateral extent of the data points represents the uncertain-

ty in yield. The three mesa surface-zero velocity data are consistent with an
apparent reflection factor of 5 (4.5 for RAINIER and 6 for ANTLER) based on the

tuff composite radial velocity curve extrapolated to the surface. The slope

IV-2-99
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surface-zero velocity data indicate an apparent reflection factor slightly larger

than 3.* As will be seen later in Section IV-2.5.1, an apparent reflection factor

of 5 applied to the peak radial acceleration is also approximately correct for

the surface-zero vertical accelerations on RAINIER an% ANTLER. The reflection

factors quoted are fictitious values based on what would have occurred in tuff at

the slant range equal to the depth of bu-s*. They are increased over the theoreti-

cal value of two by the decreasing seismic velo.ity above the shot points. Their

only usefulness is to indicdte the degree of consistency to be found between a

comparison of peak radial velocity and the corresponding motion at surface-zero.

The suri'ace motions on GNOME are influenced by the lithologic discontinuities

overlaying the silt. The GNOME datum point is plotted as a matter of interest.

It should be noted that the apparent reflection factor of 3 is taken with respect

to the composite correlation for radial velocity in salt.

IV-2.5 SURFACE MOTION AS A FUNCTION OF SLANT RANGE FROM SHOT POINT

In this section we present a brief discussion of the peak vertical accelera-

tion, velocity and displacement as a function of the slant range to the shot point.

Some simple rules for predicting vertical motion are presented. Some recent

events of the ROUND ROBIN Program, Events LATIR and TYBO (References IV-2.85 and

IV-2 86) will not be presented here as the yields are classified and therefore the

suvfa,:e motion data cannot easily be compared to the data discussed in this section.

IV-2.5.1. Peak Vertical Acceleration

Measurements of surface motion above detonations in NTS tuff, which include

surface-zero motion, are limited to the RAINIER and ANTLER Events. Peak vertical

acceleration data for these two detonations are shown in Figure IV-2.32. Also

plotted for comparison is the scaled free-field acceleration data for tuff multi-

plied by 2 obtained from the curves of Figure IV-2.15 or IV-2.25. The scaled

acceleration data used for this comparison is for the scaled range of 100 to 500

m/ktl/' or

a.W 2 1/3 =7.71 x lO (R/W1/3) 1.92 0 .14 (IV-2.27)

*For the slopes, the "vertical velocity" was taken as that in the direction
normal to the slope.
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which when multiplied by 2 gives

a.W21/1 -1.54 x 101 R/WJJ/3 (IV-2.45)

The apparent reflection factor of 2 was based i'n an analysis of surface-:ero

vertical pai'ticle velocity data. An eye-bali fit through the RAINIER data with

an apparent reflection factor of 1.7 would seem to fit the data better. For the

ANTLER data, not only a higher apparent reflection factor is required but also a

change in slope. These large differences in the apparent reflection factors may

be caused by the layering of the media near the shot point, and between the shot

point and the surface.
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Figure IV-2.32. Magnitude of first vertical
acceleration pulse, scaled to
1 kt, as a funrtion of posi-
tion along the surface for
detonations in NTS tuff.
Closed symbols are sur'face-
zero data.
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It is to be expected that the vertical surface motion would attenuate more

rapidly with slant range than would the free-field motion since the former is

diminished both by the attenuation of the free-field and the geometry of the wave-

front intersecting the free surface.

This does in fact appear to be the case, with the vertical accelerations

attenuating at approximately the inverse cube of the slant range whereas the free-
field accelerations attenuate approximately as the inverse square of the slant

range (see Equation IV-2.45). The few first peak data from BLANCA appear to be

consistent with this conclusion.*

It is to be expected that the vertical surface motion would attenuate more

rapidly with slant range than would the free-field motion since the former is

diminished both by the attenuation of the free-field and the geometry of the wave-

front intersecting the free surface.

The inverse cube attenuation with slant range of vertical acceleration is also

consistent with the surface motion above detonations in granite and salt, Figure

IV-2.33, and for detonations in alluvium, Figures IV-2.34a and IV-2.34b. For allu-

vium we have the situation of a larger number of detonations but fewer data points

per detonation (a maximum of four). To examine these data in more detail, they

have been separated into two groups. The data of Figure IV-2.34a correspond to the
"A group" of Figure IV-2.28 and the data of Figure IV-2.34b correspond to the "B

group" of Figure !V-2.28. On the average, the magnitude of the peak vertical ac-
celeration of Figure IV-2.34b are 3 times the magnitude of those of Figure IV-2.34a,

which is consistent with the separation noted in the surface-zero data. As pre-

viously discussed, this scatter in data is believed to be due to the variation in
properties of the alluvium rather than to any breakdown of the scaling rules.

Data of Figure IV-2.34a (with the exception of HAYMAKER-46 kt at 408 m depth) are

in very good agreement with the inverse cube attenuation rule proposed for surface

vertical accelerations. Moreover, the scatter of data is exceptionally small con-
sidering the nearly 20:1 variation in 1/3 power of the detonation yields. The data

of Figure IV-2.34b show a somewhat poorer correlation even though the variation in
the 1/3 power of yield is only 13:1. The set of data which deviates from the

inverse cube prescription (HAYMAKER) corresponds to a yield in the nominal range.

*The maximum accelerations quoted in the listing of Reference IV-2.68 are second
peaks and are three to four times larger than the first peak.
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Hence, the absolute distances, corresponding to the scaled slant range shown, are
much greater than for the remainder of the detonations. It is believed that the
departure of the HAYMAKER data from inverse cube attenuation is due to reflections
resulting from nonhomogeneity of the media. Note the influence of refraction at

the farthest stations on GNOME shown in Figure IV-2.33 as a dashed line connecting

two datum points.

Peak vertical acceleration of both HARDHAT and PILE DRIVER are almost coin-
cident (Figure IV-2.33). The attenuation rate of the surface vertical motion from

SALMON appears to be at variance with all the other data for scaled ranges less
than about 700 ft/kt/3 . At greater scaled ranges, data from salt and granite are

nearly identical. The extreme layering above the Tatum Salt Dome undoubtedl. nas

a profound influence on the surface motion.

IV-2.5.2 Peak Vertical Velocity

Peak vertical velocities for detonations in NTS tuff are shown in Figu,•

IV-2.35. These peaks correspond to integration of the first acceleration pulse,

the peaks of which are shown in Figure IV-2.32. Corresponding data for the

HARDHAT Event in granite and for GNOME are shown in Figure IV-2.36 and for NTS

alluvium in Figure IV-2.37. In all three figures the vertical velocity attenuates
as the inverse 2.5 power of surface range which is consistent with the data. The
degree of conformity with this attenuation rule varies, however, with the experi-

ment. for HARDHAT, PILE DRIVER, and GNOME*, agreement is quite good over the

entire range covered by the experiments. Again, the data from SALMON appear to
have been altered by the layering above the relatively flat (but limited in lateral

range) dome cap. The granite and SALMON data are very nearly the same for ranges

greater than 700 ft/ktl/3. Data from ANTLER (which do not cover a sufficient range
to weigh heavily in the selection of an attenuation rate) and data from RAINIER

(which contain considerable scatter) do not invalidate the inverse 2.5 power of
surface range attenuation rule for detonations in tuff. Data from BLANCA are in

agreement with this attenuation rule, but the surface zero vertical velocity is

subject to some uncertainty (see Figure IV-2.31).

The greatest mass of evidence in favor of the inverse 2.5 power attenuation

rule comes from data for detonations in NTS alluvium (Figure IV-2.37). Several

detonations, DORMOUSE PRIME, ERMINE, CHINCHILLA II and PLATYPUS give extremely

*Except for data at the largest distance where, as previously noted, energy appears
to have arrived by a refrected path.
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strong support to the 2.5 power rule. Data from the HAYMAKER detonation attenuate

at a lesser rate due to refraction of energy as previously discussed in connection

with the attenuation of peak vertical acceleration. The datum at the greatest

range on RINGTAIL is unaccountably larger than expected.

In both Figures IV-2.35 and IV-2.37 the spread of data between detonations is

due to differences in surface-zero velocities. It is believed that surface zero
data differ from a constant multiple of the free-field radial velocity because of

S~IV-2-111



variations in material properties rather than fr, ., failure of scaling. These

differences in properties are reflected in the spread between detonations as shown
in Figures IV-2.35 and IV-2.37. Note that due to the difference in attenuation rate

between surface-zero and non-surface-zero velocities, even for a constant set of

material properties, the vertical velocity versus slant range correlation will de-
pend on the depth of burst.

IV-2.5.3 Peak Vertical Displacement

The peak vertical displacement, d, of the ground surface under spalling condi-

tions in the sum of the displacement up to the time spalling begins, do, and the

displacement due to the spall being in free fall,

V2
0 2g dO +2v- (IV-2.46) ,

where v is the maximum spall velocity.* For the surface-zero of GNOME, the second
tp"m of Equation IV-2.46 accounts for approximately 95 percent of the maximum dis-

placement. For surface-zero of HARDHAT, the second term of Equation IV-2.46 exceeds

the measured maximum displacement. For the surface-zero of RAINIER and ANTLER,

the second term accounts for approximately 75 percent of the maximum displacement.
On the other hand, on surface-zero motions for detonations in alluvium the first

term of Equation IV-2.46 predominates, with the second term accounting for less
than 40 percent of the total displacement.

e initial displacement, do, may be evaluated by subtracting the second term

of Eq. cion IV-2.46 from the total displacement. For a homogeneous medium the
initia, displacement should be a scalable quantity provided the Jepth of spall is

not influenced by gravity. The lithostatic stress due to gravity would of course

be import. it if the spall mechanism depended upon the net tensile stress in the

medium. -he validity of scaling the initial vertical displacement is shown in
Figures IV-2.38a and IV-2.38b. It should be remarked that the values shown in

Figure IV-2.38 assume that all shots are at the same scaled depth of burst. In
Figure IV-?.38a there appears, with the exception of MINK and PLATYPUS, a fair dEgree

*The maximum spall velocity is the initial velocity of the spalled material as it
leaves the earth's surface. This velocity is assumed to be directed normal to
the ground surface.
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of correlation with no difference in trend noted between the "A" and "B" groups of

Figure IV-2.38. Unfortunately, these two exceptions are the smallest yield detona-

tions. Moreover, they do not exhibit the second pulse of acceleration characteris-

tic of the remaining data. It is not known if this is due to lithologic conditions

or to the yield or both; if due to yield, low yield and large slant range would

result in weak waves. Therefore, the failure of data from these two detonations

to fall into juxtaposition with the remaining data contributes no argument favor-

ing one scaling method over another.

Data on initial displacement for detonations in NTS tuff (Figure IV-2.38b) are

of little help in answering the question of the small difference in yield between

ANTLER and RAINIER. It is interesting to note that initial displacements in the

spalling region for all the detonations in the non-alluvial materials are surpris-
ingly similar in magnitude. Although the initial vertical displacements in these

media are ahout 20 times those observed in alluvium, the larger maximum velocity

for detonations in rock makes the initial displacement of lesser importance compared

to displacement due to the spall in free-fall.

In alluvium, and in the various rocks, the attenuation of initial vertical

displacement has been tentatively determined to be at the rate of inverse fourth

power of surface range. Power law relationships for the scaled initial displace-

ments are, for detonations in NTS alluvium:

-4

d0 /W1/3 : 9.4 x 1010 (WR (IV-2.47)

W1/3

and for detonations in NTS granite and tuff and in salt

-4

do/W1/3 = 1.5 x 1012 ( R (IV-2.48)

where do is in inches, W is in kilotons, and R is in feet.

IV-2.5.4 Rules for Predicting Vertical Surface Motion

A rational procedure for predicting peak vertical motion on the surface above
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underground nuclear detonations based on the preceding sections is to establish

first the magnitude of motion at surface zero using the free-field radial motion

multiplied by an apparent reflection factor or using Figures IV-2.28 through

IV-2.31. Selection of an apparent reflection factor for peak vertical acceleration

equal to that for peak vertical velocity appears to result in an error less than

30 percent. However, the reflection factors themselves may vary by factors of 3

"2. . to 3-1/2 for detonations in the same medium. This variation in apparent reflection
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factors can be reduced if account is taken of variations in seismic impedance in

the lithologic structure above the shot point.

Having determined the peak acceleration at surface zero, the acceleration

should then be attenuated as the inverse cube of the slant range. This rate of

attenuation differs from the approximately inverse square attenuation of vertical

component of acceleration suggested in Reference IV-2.46. The choice of this

lesser rate of attenuation appears to be strongly influenced by peak accelerations

resulting from refractions of energy at large slant ranges. Also, the regression

equations of Reference IV-2.46, determined by statistical means, are dimensionally

inconsistent; the power of yield so determined is consistent with an inverse cube

attenuation rather than with an inverse square attenuation as postulated in the

ref rence. Thus an inverse cube attenuation is preferred.

Although confined to attenuation of the first peak of vertical velocity, the

inverse 2.5 power rule of surface range attenuation may be applied without serious
error in finding the maximum vertical velocities. For the NTS alluvium (except

for one case) the error introduced by this procedure is less than 50 percent in

the estimation of peak vertical velocity. This is less than the error associated

with the selection of an apparent reflection factor.

The maximum vertical displacement may then be evaluated using Equations

IV-2.46 through IV-2.48. For detonations in the more competent materials, the

error involved in estimating the peak displacement will be approximately the square

of the error in estimating the peak velocity because of the predominance of the

second term in Equation IV-2.46 for these media. For alluvium the error will be

somewhat larger than the deviations noted in Figure IV-2.38 because of the pre-

dominance of the first term in Equation IV-2.46.

IV-2.6 OVERVIEW OF GROUND MOTION FROM SUBSURFACE HIGH EXPLOSIVE EVENTS

The overview of recent ground motion experiments with underground high-

explosive detonations presented in this section is short and covers a period from

1972 to 1975. It does not deal with the subject over the stated period in any

depth as that would make this section rather voluminous. The content is presented

in the form of abstracts derived from the references listed. The reader is urged

to consult these references for further specific information. This section is

intended only to provide the interested readers with a place to start their search.

For those ;nterested in acquiring an understanding of the physi:al development and
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the chemical processes of an HE detonation, the physics and chemistry of detona-

tions and their computations, they should consult Reference IV-2.87.

Sauer and Kochly reported (Reference IV-2.88) on the DIAMOND MINE Event. It

was an underground detonation of 985 pounds of nitromethane executeld to compare

the coupling factor associated with an overdrlven shot cavity with that associated

with the DIAMOND DUST Event (an underground nuclear event with an overdriven cavity

of the same size with an heat sink). The purpose of the test was to record the

detonation-induced free-field ground motion in the elastoplastic and elastic re-

gions of the material to provide data to be used in evaluating the decoupling

mechanism and to verify numerical calculations. Four instrument lines were instal-
led, emanating radially from the cavity. One instrumrent line terminated in the

access drift to the shot cavity and three instrument lines terminated in the main
drift of the tunnel. Three motion-measuring instruments were used: crescent parti-

cle velocity gauges located 90 feet from the cavity surface, Kistler velocimeters,
and diaphragm accelerometers located from 40 feet to 175 feet from the cavity.

Measured maximum particle velocities varied from 54 ft/sec at the cavity wall to

0.5 ft/sec at the 145-ft range. Good agreement was obtained between maximum par-

ticle velocity determined by the crescent gauges, the Kistler velocimeters and the

integrals of accelerograms. Close to the cavity wall, the maximum particle

velocities were in agreement with those observed on DIAMOND DUST. However, the

particle velocities on DIAMOND MINE attenuated more rapidly with ground range than

those on DIAMOND DUST. Measurement of maximum transient displacement was obtained
by integrating 23 velocity gauge records. While these measurements of displace-

ment scattered to a greater extent than observations made on DIAMOND DUST, the

DIAMOND MINE displacements were approximately a factor of 2 less than those for

DIAMOND DUST.

Hendron published a report in 1973 (Reference IV-2.89) in which he reviewed

a large number of motion measurements from contained explosions in various rock

media. He interpreted these data in terms of dimensional analysis and other con-

straints necessary for dynamic consistency to give scaling relations for estimating

peak motions in various rock media. He presented suggestions for estimating ground

motions from directly induced ground shock resulting from a surface burst on rock.

However, this method does not work well.

Jones and Green (Reference IV-2.90) calculated peak stresses from two con-

tained 1000 pound nitromethane explosions in nearly saturated Nevada Test Site
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(NTS) tuff and found agreement with measured values to within about 20 percent,

over a pressure range of 1 to 20 kilobars. The total impulse measured at a given

location was in good agreement with calculated values for piezoelectric gauges but

about 50 percent less than the calculated values for the piezoresistive gauges

(ytterbium). Improved correlation was obtained with the most recent Stanford

Research Institute calibration data for ytterbium gauges stress unloading history.

Many laboratory tests were conducted on small core samples from each site to pro-

vide an adequate representation of materials. Over the pressure range of interest

(down to about 1 kilobar) the shear strength of the tuffs is not significant to the

mechanical response,, and therefore the model used needed only to fit volume and

energy requirements. Measurement of stresses and velocities in the multi-kilobar

pressure range was accomplished with piezoresistive stress gauges (ytterbium) and

piezoelectric velocity gauges (quartz and ceramic).

Project ESSEX (see, for example, Reference IV-2.91) was formulated

as a five-year research program in early 1972 to determine the effects of stemming

(backfill) variations, depth-of-burial (DOB), and soil properties on the crater

size and shape, obstacle effectiveness of the resulting crater and ejecta area,

and collateral effects (airblast, nuclear fallout, etc.) produced by the subsur-

face detonation of a low-yield *uclear cratering source. The nuclear effects of

interest are being modeled by high-explosive effects generated by high-explosive

charges. The HE yield and geometry is determined from hydrodynamic calculatiuns

by assuming similarity between nuclear and high-explosive sources. The assumption

of similarity implies similarity of ground shock, permanent ground displacements,

ground sh~ck induced airblast, ejecta distributions, and crater size and shape.

The nuclear fallout from venting is modeled by an inert nonradioactive tracer

suspended in the HE charge.

In August 1974, Sisemore, Burton and Bryan (Reference IV-2.93) released a

report presenting results of close-in measurements of Project DIAMOND ORE, Phase

IIA. This series of multiton cratering experiments was conducted at Fort Peck,

Montana in October 1971. Three cratering charges, each approximately 9000 kg of

sand contaminated slurry explosive, were detonated. Two of these charges were

at a DOB of 12.5 m with one unstemmed detonation (DO IIA-l) and one stemmed

detonation (DO IIA-2). The third charge (DO IIA-3) was detonated at a DOB of 6 m

and was stemmed. These detonations were highly instrumented to provide data for

code development work. Moreover, these experiments were conducted to provide a
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first look at the effects of stemming in multiton yields. Other measurements

and technical programs were directed toward comparing the effects of different

stemming plans and DOB's on the resulting craters and determining collateral

effects. These measurement programs included high-speed photography of each

detonation, airblast measurements, ground shock measurements, and preshot and

postshot aerial mapping of the craters.

In November 1974, Vortman and Beyeler (Reference IV-2.95) of Sandia Labor-

atories released a document dealing with the ground motion and airblast measure-

ments conducted during ESSEX 1, Phase 1. During this experiment, four high-
explosive charges were detonated in saturated soil to simulate employment of

atomic demolition munitions (ADMs). Two 10-ton charges were buried 12 meters deep,

one stemmed and one with a small open hole. Another 10-ton stemmed charge and one

8.5-ton unstemmed charge were detonated at a depth of 6 meters. On each shot,

instruments measured shock propagation above the charge, shock stress and ground

acceleration at one position at half-shot depth and at three shot-depth positions,I.Iground-surfac3 acceleration at four to five positions, shock pressure in the open

holes of the unstemmed shots, and above-ground airblast at several distances.
Ground-surface displacement was measured with high-speed photography. Peak

stresses ranged from 0.05 to 3 kilobars. These measurements were made to provide
information on effects of charge burial depth and stemming, as well as physi4.al

data that could be used to verify the hydrodynamic codes being used for numerical

simulation of ADM explosions. An -internally consistent set of measurements of

all parameters was obtained on each shot. The measurements were especially well

suited to the objectives but soil inhomogeneity obscured subtle effects of stem-

ming differences and detracted from the precision with which codes can be verified

from measured data. Airblast measurements on five lOOd-pound surface and near-

?urfice detonations showed that differences in meteorology on the different ways

the shots were fired obscured .subtle differences that could be attributed to

charge position.

Reference IV-2.96 describes measurements of airblast and ground motion on

shot 6M of the DIAMOND ORE Phase IIB Series. This particular shot was intended

to evaluate the high explosives/nuclear explosives moael of System, Science, and

Softwar",'s design of a nitroinethane detonation in clay shale. It was instrumented

to gather data for determination of the effects that an open-hole geometry would

have on crater formation. The charge contained 17 tons of nitromethane buried at
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a depth of 5.85 meters. This reference reports on measurements of shock velocity

up a vertical hole from the charge depth to the surface, airbiast overpressure at

the ground surface, radial earth stresses, and vertical and horizontal particle

velocity.

IV-2.7 SOME ANLTCLMDL FOR PREDICTING GROUND MOTION PHENOMENAthprdc5

In hissecionwe resnta description of some useful mdl o h rdc

tion ofground motion and related phenomena associated with the detonation of

buried nuclear or high explosives. The first model is almost entirely graphical

and very simple to use and, therefore, lends itself quite well to quick systems
evaluation. It not only predicts ground motion but also allows the user to deter-A
mine a number of other parameters such as, for example, cavity ra04us, chimney size,

radial displacement, peak radial stresses and other quantities. The accuracy of the

model is reasonable and for the most part within the experimental uncertainties.
The graphs are the results of computer calculations based on an extensive data base
and experimental data.

The next model is an analytic one but also simple to use. The user can easily

obtain results on a pocket computer. Moreover, the modeling is simple enough to beL easily programmed in almost any language. Unlike the other model, the predictions
of this model are restricted to ground motion phenomena only. As will be shown
below its accuracy is quite remarkable considering the assumption -that went into
building this model.

Finally, a semiempirical model using the methods of geometrical optics will be
briefly discussed.

A general statemtent of caution is in order here: these models are not meant
.1 as substitutes for thoroughgoing analyses using detailed computer codes. They are

rather intended for preliminary analysis, and to be used as supplement to detailed

computations.

IV-2.7.1 The Butkovich and Lewis Model

As stated in the -introduction this model summarizes in a graphical form, use-
ful relationships for computing the effects on the surrounding media of underground
nuclear explosions. The types of parameters considered include the device yield,

the depth of burst, cavity volume and radius, chimney height, effects as a function
of distance from shot point, fracture radius, mass of rock In the chimney, in situ

and grain density, porosity. water content, compressional velocity, Poisson's
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ratio, overburden pressure, radius of vaporization, radial stress and displacement,

particle velocity and acceleration, ground-surface acceleration and displacement,

and temperature increase. The complete model is described in Reference IV-2.97.

An abbreviated version of Reference IV-2.97 is given below.

Computer codes designed specifically for predicting effects from underground

nuclear explosions are available and may be used to improve the estimates made

from the graphs discussed here. This would be desirable when information about a
site (for example, rock properties) is accurate enough to justify detailed calcula-
tions. However, for preliminary planning and systems analysis purposes the

estimates made from these graphs should be adequate.

In 1973 Butkovich and Lewis made the statement that:

Some aspects of underground nuclear explosion phenomenology

are not well understood. Certain types of data are relatively
scarce because of the high costs of drilling and instruinenta-
tion. Data on fracture porosity and permeability are particularly
lacking. In spite of shortcomings such as this, the relationships
reported here should prove valuable in estimating some of the
various effects of an underground nuclear explosion on its
surroundings.

This statement is by and large true today. They point out, for example, in a

discussion of underground nuclear explosion phenomenology that if enough energy is
deposited in a volume element in the cavity, the material is totally vaporized

and expands as a gas. Butkovich repurts calculations showing that approximately
70metric tons of silicate rock per kiloton of yield are completely vaporized by

the shock wave. Beyond the totally vaporized region, sufficient energy is de-
posited to shock-melt the rock and vaporize the water in the rock, Radiochemistry

measurements on melt samples recovered during reentry drilling below the shot
point seem to indicate that the total amount of melt present is between 1000 and
2000 metric tons per kiloton of yield and is a decreasing function of the rock
density at the shot point. This amount of melt includes not only rock melted by
the shock but also rock melted subsequently by redistribution of heat from super-
heated material. Beyond the melt zone the rock is heated, displaced, and fractur-
ed to some distance that depends on the device yield and the strength properties

of the rock. The rock and included water that becomes vaporized expands as a gas
and forms a growing cavity. If the depth, of burst is greater than about 350 W1/1
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ft (106.7 Wi/1 m), where W is the yield in kilotons, the gases will be contained.

There have been a nomber of incidents in which small amounts of radioactivity have

escaped into the atmiosphere at slightly greater scaled depths of burst. In these

instances, venting of a small fraction of the cavity gases has occurred through

cableways and stemming materials, and certain precautions can be taken to eliminate

this problem. For depths of burst of less than 200 Wi/0 ft (61 Wi/1 in), crate-ingI

process begins to occur. In this case, the cavity expands asymmetrically tci>-rd

the free surface, forming a mound and rupturing the surface. Optimum cre*-" dim i-

sions occur at a depth of burst of about 120 Wi/1"4 ft (36.6 W1/3.4 In). The

empirically derived W1/3"4 scaling rule indicates that higher yield explosions

will be contained at shallower depths than the assumed W"/ scaling rule wouid

indicate.

In the contained case, with which this model is primarily concerned, cavity

growth continues until the cavity pressure is somewhat greater than the overburden

pressure-between 1.4 and 2 times the overburden. The strength of the rock is

affected by the presence of water and hence the cavity size. Thus, nuclear explo-

sions in high-water-content rocks will form larger cavities not only from the

enhancement of pressure due to the expansion of the noncondensible steam but alho

because wet rock is weak. Cavity growth is generally assumed to be spherical.

However, calculations indicate that nearly spherical cavities are formed only

when nuclear detonations occur at sufficient depths or in strong dry rock.

After cavity growth stops, the rock above the cavity usually collapses into

the void, forming a chimney. As the pieces of broken rock fall, they rotate

randomly so that the broken rock packs more loosely occupying more volume than it

did before fracture. The upward growth of the chimney continues until it bulks

full or until the rock can support an arch, leaving a void at the apex of the

chimney. In many cases, particularly for high-energy yields in strong rock, and

for almost all alluvium detonations, the chimney growth progresses until the

collapse reaches the ground surface and a collapsed crater is formed. To facili-

tate the understanding of some of the graphs that are included in this discussion

we proceed with the discussion of the modeling details.

Relationships between in-situ density (p.), porosity (f), volume-fraction

saturation (S), and weight-fraction water (Z), for rocks of various grain densities

T (Pg) can be developed from the following equations:
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Pd

PO -1 Z-Z (IV-2.49)

Pd c

Pg y (IV-2.50)

PO Pg(.. ) (IV-2.51)

P0 (1 - Z)
- Pg (IV-2.52)

•; POz

S - , (IV-2.53)

where is the dry density.

The grain densities of common rock mineral components have ,been measured.

For rocks with very low porosity, the rock density approaches the grain density.
A table included in Reference IV-2.97 gives the grain densities of some common

rock minerals and rock densities are given in another table of the same reference
which may be used to approximate grain densities.

A number of figures such as Figure IV-2.39 are given to show the relationship
between in-situ density, porosity, volume-fraction saturation, and water content
(by weight) for rocks of grain density between 2.2 and 3.0 g/cm3 . These plots may
be used to check the internal consistency of the measurements on a given rock.

An example of the application of Figure IV-2.39 is as follows. Consider a J

rock with a grain density of 2.2 g/cm3 , an in-situ density of 1.5 g/cm3  and a

porosity of 0.40 (40 percent). Using this graph one can find that the water contenL
is 0.12 weight fraction and the volume-fraction saturation is about 0.44. If this
rock were then compressed until all the air-filled porosity were eliminated, the

density would be about 1.925 g/cm3 and the porosity would be about 0.23 (23 percent).
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This information is obtaiNed by moving horizontally from the original point given

to the volume-fraction saturation curve an-d reading the new density and porosity

values.

Figure IV-2.40 shows the in-situ density as a function of compres!ional ,'lo-

city for common test and collapse media at the Nevada Test Site. The equation

giving the best fit to the data is

Cp= 10,232p 0 - 9,190 (IV-2.54)

where C is the compressional wave velocity in ft/sec and p0 the in-situ density
in g/cm3 . It should be noted that the water table at NTS is abnormally deep. Much

of these data were taken above the water table in unsaturated rocks and may, there-

fore, not be representative of rocks in other locations.

Figure IV-2.41 is an example of the types of curves given in Reference IV-2.97

showing the overburden pressure as a function of depth for various average over-

burden densities. The overburden pressure is equivalent to the lithostatic pres- I
sure. Also included is hydrostatic head of water as a function of depth.

Figures IV-2.42 through IV-2.45 are given as examples of the type of useful

graphs contained in the model. They give information on underground nuclear explo-

sion phenomenology obtained by measurement or calculation. The mass of rock vapor-

ized by a nuclear explosion depends on the energy yield and the enthalpy for vapor-
ization for the rock, which varies with rock type. Butkovich assumed a simple

silicate approximation for silicate rocks and calculated that approximately 70

metric tons of rock per kiloton of device yield is vaporized by the shock wave. A

similar calculation for salt and water gives 107 and 150 metric tons per kiloton,

respectively, for their enthalpies of vaporization. Figure IV-2.42 shows the

radius of vaporization (R ) as a function of device yield in kilotons for variousv
in-situ rock densities. This figure assumes 70 metric tons per kiloton for sili-

cate rock.

Figure IV-2.43 gives the peak radial stress (a r) as a function of yield (W)

and distance (R) from the shot point. These curves were obtained from best fit to

the data from four different test materials. The equation giving the best fit to

the data is
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1-1.9625
5r =216 R IV-2.55)

for granite. There are three more graphs and equations giving the peak radial

stress for tuff, alluvium and salt. Here ar is in kilobars, R is in meters, and

W in kilotons.

The stress wave emanating from the explosion center produces particle motion

in the surrounding medium. This motion is termed free-field particle motion.

Maximum particle acceleration is attained during the initial rise in stress, and

maximum velocity is obtained at the time of peak stress. Knowledge of the peak
radial stress components of particle motion in the first half-cycle of the stress

wave is often used to assess the potential for damage from underground detonations.

Figure IV-2.44 is an example that gives the peak free-field particle acceleration

and Figure IV-2.45 is an example that gives the peak free-field particle velocity

as functions of radial distance from the explosion center. These plots were de-

rived from measurements in granite, salt, and alluvium.

Figure IV-2.46 gives the peak ground-surface acceleration for detonations in

hard rock saturated to the surface, and Figure IV-2.47 is an example of the type

of graphs that give the peak vertical free-surface displacement as a function of

peak free-surface velocity calculated fromLI

V
S -fs , (IV-2.56)

2g

where S is the displacement, Vfs the peak free-surface velocity, and g the

acceleration of gravity.

The radius and volume of the cavity formed by the nuclear explosion depend

on the medium. Butkovich and others have shown that the measured cavity radii

depend on the yield (W), the average overburden density (p), the depth of burst

(h), and the weight fraction of water in the medium at the shot point. The rela-

tionship developed is
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CWI/
Rc - (IV-2.57)

where Rc is the cavity radius in meters, W is in kilotons, p is in g/cm3 , and h is

in meters. The exponent a depends on the water content, while C is a constant

equal to about 100 using this set of units. Figure IV-2.48 is an example of a

number of graphs in Reference IV-2.97 that were obtained from the above relation-

ship assuming spherical cavities. However, some cavities are aspherical for shal-

low depths of burst in weak wet rock. Figure IV-2.49 gives the radial displacement

as a function of cavity radius at various distances from the shot point. The curves
were calculated assuming spherical symmetry and noncompactable rock *using the

equation

/3D R3 + R-] 1/3 R, (IV-2.58)

where D is the radial displacement and R is the radial distance from the shot

point. Figure IV-2.50 gives the horizontal and vertical components of displacement j
at various distances from the cavity boundary. 4

For the horizontal displacement, X is

X= R3 + Rc 13 - R Cos 0 (IV-2.59)

and for the vertical displacement the value of Y is

Y = X tanG (IV-2.60)

where 0 is the angle measured from the horizontal as shown in Figure IV-2.50. Any

water.-saturated rock or rock of low gas-filled porosity can be considered to be
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noncompactable. Rock is not homogeneous on a large scale and local displacements

along preexisting fractures may occur that exceed this estimate.

Figure IV-2.51 is an example of the type of graphs that give peak radial

stress as a function of scaled radial displacement at various depths of burst

and at distances from the shot point that are multiples of the cavity radius.

The details of the type of cavities that can form and the methods available

for computing their content together with uncertainties associated with such com-

putations can be found in Reference IV-2.97.

Energy deposition due to the passage of the shock wave is the primary method

by which the energy is distributed. Since this deposition is very difficult to

measure, a calculational technique was used to produce estimates of temperature

increase " inction of distance from the explosion center. A one-dimensional
hydrodyn". '. code that keeps track of the energy as a function of time was used to

obtain the temperature increase after the energy had been distributed. Using a

curve for the heat content of granite as a function of temperature, a relationship

connecting the change in temperature (AT) as a function of the predisplacement

distance from the center of detonation (Ri) was obtained. Butkovich has shown that

the temperature distribution is also a function of the material properties. A

compressible rock requires more PAV work than one that is less compressible; there-

fore, more energy is deposited in a compressible rock at a higher temperature close

to the detonation. Since lower density rocks are generally more compressible than/

rocks of higher density, a relationship relating temperature (T) and in-situ den-

sity (po) was derived from the hydrodynamic calcualtions. This expression is

4 R. 4576/0 .41 ~1)
T0 = ' (IV-2.61)
p3. 156 W1/3

where W is the yield in kilotons, and AT is the increase in temperature above

ambient (assumed to be 250 C). To obtain the mass, M, of rock heated to tempera-

ture T or above, spherical symmetry is again assumed, so that the -iass

4•- rRPo (IV-2.62)
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becomes

fAT 3-. 3156 06 /1 .52 53

M TPpoW (IV-2.63)
~ ~ 8.9 x 10'

Previous estimates of the amount of melt produced assumed a value of 70 tons per

kiloton of energy released. Butkovich's work indicates that the amount of melt

depends on the bulk density and can exceed this value by a factor of 2 for high-

density, low-porosity rocks and by a factor of 3 or more for low-density, highly

compressible rocks. Radiochemistry measurements support the higher values.

Figure IV-2.52 shows an example of the AT isotherms measured from the cavity

wall dt Rc meters from the center of l'tonations. Each plot given in Reference

IV-2.97 is for a different energy y-eid and pertains to a different cavity radius.

These curves were obtaied assuming PO = 2.81. These figures should be useful for

estimating the positions of isotherms for events in all relatively dry, dense

rocks.

IV-2.7.2 The BOTE Model

The acronym BOTE stands for "Back-of-the-Envelope." This model is an analytic

one developed by Kurtz of Lawrence Livermore Laboratory (Reference IV-2.98). Unlike

the model of Butkovich and Lewis, results can be obtained using a pocket calculator

or any programmable computer. Programming of the equations is straightforward.

Moreover, this model is designed only to predict ground motion from underground

nuclear explosions and is, therefore, not as comprehensive as the model of Butkovich

and Lewis. However, what it lacks in comprehensiveness is offset by its greater

flexibility for ground motion prediction.

Because Reference IV-2.98 was published in the open literature and, therefore,

protected by copyright laws we can only describe its content without providing any

supporting graphs to show how well its predictions agree with experimental data.

The readers interested in this model should avail themselves of Reference IV-2.98.

The model is based upon a linear combination of the forms used to describe

the extremes of stress wave lifetime: a strong shock at early time and a simple

elastic wave at late times. Specifically, the assumption is made that the position

and velociuy of the stress wave can be expressed by the following functions:
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Rs= rs + Ct (IV-2.64)

Vs =v + C (IV-2.65)

where rs and vs are the position and velocity, respectively, predicted by a simple

strong shock model, C is the sound speed, and t is time. The model development

proceeds by assuming that the pressure in the medium surrounding an underground

explosion can be expressed by

P = (y- l)pI (IV-2.66)

where P is the pressure, p is the density, I is the specific internal energy, and

y is a dimensionless constant, Kurtz argues that this form of the pressure equation

is justified on the grounds ..,at it is similar in form to the Gri'neisen equation of

state commonly used to describe shock propagation in solids. Kurtz then goes on to

show that

y = + I (IV-2.67)

where r0 is the Gruneisen coefficient at normal density pO. For wet porous

materials

r0 = wrOW + (l - w) rOR (IV-2.68)

where W is the weight fraction of water, r is the Gruneisen coefficient for water,

and rOR is the Griuneisen coefficient for porous rock. Combining an explicit value

for row and rOR he shows that
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(L 10) P(IV-2.69)

where SW is the slope of the shock velocity, particle velocity Hugoniot for water,
and pg is the grain density. Thus, with the use of Equation IV-2.69 into Equation
IV-2.66 one can compute the pressure in rock. A table is provided in Reference

IV-2.98 for the value of SR for a number of soil materials.

The next step is to treat the transition from one pressure regime to the next.

The assumption is now made that the loading curve in the P-V diagram can be divided
into three basic regimes. The rock is assumed to behave elastically up to the

elastic limit pressure PE' As the pressure continues to increase above PE' the

voids in the medium begin to collapse. This begins the crush-up regime. At a
pressure Pc' all voids in the rock have been crushed out and the rock itself begins

to compress and deform plastically. This plastic pressure regime at higher pres-
sures merges into the Hugoniot curve of the medium. Kurtz then uses Butkovich's

empirical method of finding the values of Pc and PE for rocks of varying water
content and gas-filled porosity applicable to those media in which underground
nuclear explosions are usually conducted. The functional relationships used in the

model are then

PC 5 , W < 0.01 (IV-2.70a)

PC= 0.065 W"9 " W > 0.01 (IV-2.70b)

P= 100 exp(16.579 g - 6.908), W < 0.05 (IV-2.71a)
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P 100 exp(-4.859 4) - 8.112), 0.05 < W < 0.10 (IV-2.71b)

P= 10 exp(-3.869 4g - 8.805), W > 0.10 (IV-2.Tlc)

where Pc and PE are in gigapascals* and is the initial gas-filled porosity

defined by

= 1 - (1 - W) - Pow (IV-2.72)

assuming the water density to be approximately unity.

The BOTE model assumes that the sound speed for each pressure-regime can be A

represented by a single value. For example, when the stress wave pressure is
greater than P the sound speed is assumed to be equal to the bulk sound speed

CB for the medium. For pressures between P and PE' the sound speed is assumed

to be a "crushing" bulk sound speed CBC. If the pressure is less than PE' the
sound speed is assumed to be equal to the elastic sound speed CO in the undisturbed
medium. The following expressions are used where data is unavailable:

Bo (1 - W)
C B _- L (IV-2.73)

r ~112

C BCO 1 W)f I CGB (IV-2.74)

*One pascal 1 I0' bars : 1.45 x 10"- psi = 7.5 x 10"' torr. lGPa 1 10 kbars.
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where the sound speed is expressed in m/msec, the densities in gm/cm3 , and the zero-

pressure bulk modulus B0 for a dry nonporous rock material is in gigapascals. For

the case of unavailable elastic sound speed data the following formula is used:

CO = 3.11871p 0 - 2.80355 (IV-2.75)

The equations for position, v3locity, and pressure for a diverging stress

wave in the BOTE model is based on the approximate solution for spherical blast

wave developed by Chernyi discussed in Reference IV-2.31*. Kurtz gives a detailed

description of the reasons for using Chernyi's theory particularly as it concerns

the propagation of a strong shock moving with the velocity vS at early times and

decaying to a simple acoustic wave moving at velocity C. The model uses relation-

ships connecting device yield, in-situ density, time, pressure and velocity of

propagation. Thus, explicit functions of the type

rS= rso f(YPot) (IV-2.76)

v v h(Ypo,rs) (IV-2.77)

PS = PSI g(Y'po'rs or t) (IV-2.78)

are used.

The BOTE model goes beyond the simple predictive capability of a simple blast

wave model by assuming that the outgoing stress wave velocity can be represented

by a linear combination of the strong shock wave and a sound velocity term. More-

over, it takes account of the fact that the outgoing wave velocity is given by the

*It is suggested that the interested readers familiarize themselves with this

theory as the details will not be given here.
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derivative with respect to time of the position function of the wave. These as-
sumptions lead to Equations IV-2.64 and IV-2.65. In these equations C is either

CB, CBC or C0 , Also, the functional Equations IV-2.76 and IV-.2.77 can be subs.i-

tuted directly into Equations IV-2.64 and IV-2.65. By noting that the pressure in
a stress wave cannot decay to less than the local overburden pressure PO) the value

of PS is rewritten as

K P + p (IV-2.79)

"I where PS is given by the functional Equation IV-2.78. The equations used to define
P0 depend upon whether uphole, downhole, or horizontal stress information is needed.

Kurtz recommends the following expressions for these cases:

Uphole: PO = pO g(H - rs) (IV-2.80)

Downhole: PO = pO g(H + rS) (IV-2.81)

Horizontal: PO = po g H (IV-2.82)

9 where g is the acceleration due to gravity and H is the depth of burst.

Kurtz in Reference IV-2.98 then goes on to discuss results he obtained with

the BOTE model and compares these results with experimental data. These results

show good agreement for times ranging from tens of microseconds to tens of milli-

seconds for distances out to a scaled range of 107 m/kt'I/ and for pressures to

the order of 105 pascals. Moreover, Kurtz states that:

We feel that the BOTE model has some distinct advantages over

other techniques that can be used to give the same results. It
is quicker and less expensive to use than are large computer

codes. Unlike simple scaling laws, it does not have to be used
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in an interpolative manner or within the realm of previous

experience to be completely trustworthy. We feel that the

BOTE model could be used with good results in areas where

data for scaling laws are either sparse or nonexistent.
And we feel that the BOTE model is simply easier to use

than are earlier attempts at using analytic solutions,

to describe the propagation of stress waves through

solids and porous materials.

The paper concludes on a note of caution to preclude the generation of

physically meaningless results.

IV-2.7.3 The Cooper and Seamon Model

Cooper and Seamon (Reference IV-2.99) developed a semiempirical technique,

utilizing the methods of geometrical optics, to examine the effect of geologic

layering on the surface peak particle velocity associated with the direct compres-
sional wave produced by underground nuclear explosions. This geometric technique

is different from former "ray" techniques in that it accounts for the curvature of

the wave front, that is, the divergence of the rays, as well as the distance t e

wave travels. Data from contained nuclear explosions in "homogeneous" media are

used to determine the relationship between the peak particle velocity and the
divergence of the rays. This empirical relationship is then used for layered

media, where the divergence of the rays is determined by the methods of geometrical

optics, to predict the free-surface peak particle velocity. The required transmis-

sion and reflection factors are currently taken from the theory of elastic wave

propagation. Several parametric studies and comparisons with data from experi-

ments in layered media are presented in Reference IV-2.99. It is found that a
number of p-eviously unexplained departures from what was measured and what might

intuitively be expected are qualitatively and sometimes quantitatively predicted
by this technique. It is emphasized that layering between the source and the

free surface (which usually occurs) can have a profound and deceiving effect on the

surface motion, and, therefore, it should not be neglected in any prediction tech-

nique. The FORTRAN listing of the program developed is given in the Appendix of
Reference IV-2.99.
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Aerospace Defense Command Strategic Air Command
Department of the Air Force Department of t:,a Air Force

ATTN: XPX ATTN: NRI-STINFO Library
ATTN: XPFS

Air Force Armament Laborator,,
ATTN: DLYV, J. Collins United States Air Force Academy

ATTN: DFCEM, W. Fluhr
Air Force Geophysics Laboratory

ATTN: LWW, K. Thompson DEPARTMENT OF ENERGY

Air Force Institute uf Technology Department of Energy
ATTN: Library Albuquerque Operations Office
ATTN: Commander ATTN: CTID

Air Force Office of Scientific Research Department of Energy
ATTN: NA, B. Wolfson ATTN: OMA/RD&T

Air Force Systems Command Department of Energy
ATTN: DLW Nevada Operations Office
ATTN: R. Cross ATTN: Mail & Rec for Tech Library

Air Force Weapons Laboratory OTHER GOVERNMENT AGENCIES
Air Force Systems Command

ATTN: NTES-C, R. Henny Central Intelligence Agency
ATTN: NTE, M. Plamondon ATTN: OSWR/NED
ATTN: SUL ATTN: OSR/SE/F
ATTN: NTED
ATTN: NTES, J. Lee Department of the Interior
ATTN: NTES, R. Jolley Bureau of Mines

ATTN: Tech LibAssistant Chief of Staff
Intelligence Department of the Interior
Department of the Air Force U.S. Geological Survey

ATTN: IN ATTN: D. Roddy

Ballistic Missile Office Federal Emergency Management Agency
Air Force Systems Command ATTN: Hazard Eval & Vul Red Div

ATTN: DEB
NASA

Ballistic Missile Office AMES Research Center
Air Force Systems Command ATTN: R. Jackson

ATTN: MNN ATTN: F. Nichols
ATTN: MNNX
ATTN: MNNXH U.S. Nuclear Regulatory Commission

Deputy Chief of Staff 
ATTN: R. Whipp for Div of Sec for L. Shao

Research, Development, & Acq DEPARTMENT OF ENERGY CONTRACTORS
Department of the Air Force

ATTN: AFRDQI Lawrence Livermore National Lab
ATTN: R. Steere ATTN: L-200, T. Butkovich

ATTN: L-90, R. Dong
Deputy Chief of Staff ATTN: Tech Info Dept Library
Logistics & Engineering ATTN: J. Goudreau
Department of the Air Force ATTN: M. Fernandez

ATTN: LEEE ATTN: T. Gold
ATTN: H. Glenn

Foreign Technology Division ATTN: L-205, J. HearstAir Force Systems Command ATTN: L-437. R. Schock
ATTN: SDBF, S. Spring ATTN: L-90, D. Norris
ATTN: TQTD ATTN: L-7, J. Kahn
ATTN: NIIS Library
ATTN: SDBG Los Alamos National Scientific Lab

ATTN: MS 364
Rome Air Development Center ATTN: A. Davis
Air Force Systems Command ATTN: R. Sanford

ATTN: TSLD ATTN: M/S 632, T. Dowler
ATTN: RBES, R. Mair ATTN: MS 670, J. Hopkins

4 ATTN: Commander ATTN: G. Spillman
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DEPARTMENT OF ENERGY CONTRACTORS (Continued) !EPARTMENT OF DEFENSE CONTRACTORS (Continued)

"Oak Ridge National Laboratory California Institute of Technology
ATTN: Central Research Library ATTN: T. Ahrens
ATTN: Civil Def Res Proj

California Research & Technology, Inc
Sandia National Laboratories ATTN: K. Kreyenhagen
Livermore National Laboratory ATTN: Library

ATTN: Library & Sec Cless Div ATTN: M. Rosenblatt
ATTN: S. Schuster

Sandia National Lab
ATTN: 3141 California Research & Technology, Inc
ATTN: L. Vortman ATTN: D. Orphal

DEPARTMENT OF DEFENSE CONTRACTORS Calspan Corp
ATTN: Library

Acurex Corp
ATTN: J. Stockton Center for Planning & Rsch, Inc
ATTN: C. Wolf ATTN: R. Shnider

Aerospace Corp University of Denver
ATTN: L. Selzer ATTN: J. Wisotski
ATTN: P. Mathur
ATTN: H. Mirels Effects Technolog4 , Inc

2 cy ATTN: Tech Info Services ATTN: K. Narasimhan

Agbabian Associates EG&G Washington Analytical Svcs Ctr, Inc
AITN: C. Bagge ATTN: Library
ATTN: M. Agbabian ATTN: Director

Analytic Services, Inc Electric Power Research Institute
ATTN: G. Hesselbacher ATTN: G. Sliter

Applied Research Associates, Inc Electromechanical Sys of New Mexico, Inc
ATTN: H. Auld ATTN: R. Shunk
ATTN: N. Higgins
ATTN: J. Bratton Eric H. Wang

Civil Engineering Rsch Fac
Applied Theory, Inc University of New Mexico

ATTN: J. Trulio ATTN: N. Baum
ATTN: D. Calhoun

Artlic Associates, Inc
ATTN: S. Gill Franklin Institute

ATTN: Z. Zudans
AVCO Research & Systems Group

ATTN: W. Broding Gard, Inc
ATTN: Library A830 ATTN: G. Neidhardt
ATTN: J. Atanasoff
ATTN: D. Henderson General Dynamics Corp

ATTN: R. Dibrell
BDM Corp

ATTN: A. Lavagnino General Electric Co
ATTN: T. Neighbors ATTN: M. BortnerA T T N : C o r p o r a t e L i b r a r yG e r a E l c i c C

BDM Corp ATTN: A. Ross

ATTN: R. Hensley
General Electric Company--TEMPO

Bell Telephone Labs ATTN: DASIAC
ATTN: J. White

Boeig CoGeneral Research Corp
Boeig CoATTN: TIO

ATTN: M/S 42/37, R. Carlson
ATTN: Aerospace Library Geocenters, Inc
ATTN: R. Holmes ATTN: E. Marram
ATTN: R. Hager
ATTN: R. Dyrdahl H-Tech Labs, Inc
ATTN: J. Wooster ATTN: B. Hartenbaum

Boeing Co Honeywell, Inc
ATTN: M/S 42/37, K. Friddell ATll: T. Helvig
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DEPARTMENT OF DEFENSE CONTRACTORS (Continued) DEPARTMENT OF DEFENSE CONTRACTORS (Continued)

ITT Research Institute Dacific-Slerra Research Corp
ATTN: A. Longinow ATTN: H. Brode
ATTN: Documents Library

Pacifica Technology
Institute for Defense Analyses ATTN: R. Bjork

ATTN: *Iassified Library ATTN: Tech Library
ATTN irector ATTN: G. Kent

J. H. Wig .s Co, Inc Physics Applicati ., Inc
AT~i,: J. Collins ATTN: C. Vincent

Kaman AviDyne Physics International Co
ATTN: G. Zartarian ATTN: L. Behrmann
ATTN: Library ATTN: Technical Library
ATTN: R. Ruetenik ATTN: J. Thomsen
ATTN: N. Hobbs ATTN: E. Moore

ATTN: F. Sauer
Kaman Sciences Corp

ATTN: Library University of Pittsburgh
ATTN: F. Shelton ATTN: M. Willims, JrATTN: D. Sachs

R & D Associates
Karagozian and Case ATTN: P. Rausch

ATTN: J. Karagozian ATTN: J. Lewis
ATTN: W. Wright, Jr

Lockheed Missiles & Space Co, ,c ATTN: A. Field
ATTN: B. Almroth ATTN: R. Port
ATTN: T. Geers ATTN: Tech Info Center

ATTN: P. Haas
Lockheed Missiles & Space Co, Inc

ATTN: TIC-Library Rand Ccrp
ATTN: A. Lauoa

Management Science Associates ATTN: C. Mow
ATTN: K. Kaplan ATTN: Library

tdrtin Marietta Corp Science Applications, Inc
ATTN: G. Fotieo ATTN: Tech Library
ATTN: A. Cowan

Science Applications, Inc
Martin Marietta Corp ATTN: S. Oston

ATTN: J. Donathan
Science Applications, Inc

University of Massachusetts ATTN: D. Bernstein
ATTN: W. Nash ATTN: D. MaxwellATTN: R. Hoffmann

McDonnell Douglas Corp
ATTN: R. Halprin Science Applications, Inc

ATTN: W. Layson
'erritt CASES, Inc ATTN: J. Cockayne

ATTN: Library ATTN: B. Chambers III
ATTN: J. Merritt ATTN: G. Binringer

Meteorology Research, Inc Southwest Research Institute
ATTN: W. Green ATTN: W. Baker

ATTN: A. Wenzel
Mitre Corp

ATTN: Director SRI International
ATTN: G. Abrahamson

Nathan M. Newmark Consult Eng Svcs ATTN: W. Wilkinson
ATTN: J. Haltiwanger
ATTN: 4. Hall Systems, Science & Software, Inc
ATTN: H. Newmark ATTN: K. Pyatt

ATTN: D. Grine
University of New Mexico ATTN: R. Sedgewick

ATTN: G. Triandafalidis ATTN: T. McKinley
ATTN: T. Riney

University of Oklahoma ATTN: T. Cherry
ATTN: J. Thompson ATTN: Library
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DEPARTMENT OF DEFENSE CONTRACTORS (Continued) DEPARTMENT OF DEFENSE CONTRCTORS (ContAnued)

TeleDyne Brown Engineering TRW Defense & Space Sys Group

ATTNM J. Ravenscraft ATTN: P. Bhutta
ATTN: B. Sussholtz

Terra Tek, Inc ATTN: A. Narevsky

ATTN: A. Abou-Sayed ATTN: D. Jortner

ATTN: Library ATTN: A. Feldman

ATTN: S. Green ATTN: Tech Info Center

ATTN: A. Jones 2 cy ATTN: N. Lipner

Tatra Tech, Inc TRW Defense & Space Sys Group

ATTN: L. Hwang ATTN: F. Pieper
ATTN: G. Hulcher

Texas A & M University System ATTN: E. Wong
ATTN: H. Coyle ATTN: P. Dai

Weidlinger Assoc, Consulting Engineers Weidlinger Assoc, Consulting Engineers

ATTN: J. McCornmick ATTN: J. Isenberg

ATTN: M. Baron
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